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We study decay properties of the P -wave charmed baryons using the method of light-cone QCD
sum rules, including the S-wave decays of the flavor 3¯F P -wave charmed baryons into ground-
state charmed baryons accompanied by a pseudoscalar meson (π or K) or a vector meson (ρ or
K∗), and the S-wave decays of the flavor 6F P -wave charmed baryons into ground-state charmed
baryons accompanied by a pseudoscalar meson (π or K). We study both two-body and three-body
decays which are kinematically allowed. We find two mixing solutions from internal ρ- and λ-mode
excitations, which can well describe both masses and decay properties of the Λc(2595), Λc(2625),
Ξc(2790) and Ξc(2815). We also discuss the possible interpretations of P -wave charmed baryons
for the Σc(2800), Ξc(2930), Ξc(2980), and the recently observed Ωc(3000), Ωc(3050), Ωc(3066),
Ωc(3090), and Ωc(3119).
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I. INTRODUCTION
Recently, the LHCb Collaboration observed five excited Ωc states in the Ξ
+
c K
− mass spectrum [1], i.e., the
Ωc(3000)
0, Ωc(3050)
0, Ωc(3066)
0, Ωc(3090)
0, and Ωc(3119)
0. Their masses and widths were measured to be
Ωc(3000)
0 : M = 3000.4± 0.2± 0.1+0.3−0.5 MeV , Γ = 4.5± 0.6± 0.3 MeV ,
Ωc(3050)
0 : M = 3050.2± 0.1± 0.1+0.3−0.5 MeV , Γ = 0.8± 0.2± 0.1 MeV ,
Ωc(3066)
0 : M = 3065.6± 0.1± 0.3+0.3−0.5 MeV , Γ = 3.5± 0.4± 0.2 MeV ,
Ωc(3090)
0 : M = 3090.2± 0.3± 0.5+0.3−0.5 MeV , Γ = 8.7± 1.0± 0.8 MeV ,
Ωc(3119)
0 : M = 3119.1± 0.3± 0.9+0.3−0.5 MeV , Γ = 1.1± 0.8± 0.4 MeV .
These excited Ωc states are good P -wave charmed baryon candidates. Besides them, the Λc(2595) (J
P = 1/2−),
Λc(2625) (J
P = 3/2−), Ξc(2790) (JP = 1/2−) and Ξc(2815) (JP = 3/2−) can be well interpreted as the P -wave
charmed baryons completing two flavor 3¯F multiplets of J
P = 1/2− and 3/2− [2–6]; the Σc(2800) (JP =??), Ξc(2930)
(JP =??) and Ξc(2980) (J
P =??) are also P -wave charmed baryon candidates of the flavor 6F [7–13].
These charmed baryons are interesting in a theoretical point of view, and many phenomenological methods/models
were proposed to study them [14], such as various quark models [15–20], various dynamical models [21–26], the
hyperfine interaction [27, 28], and the Lattice QCD [29–31], etc [32–36]. Their productions and decay properties were
studied in Refs. [37–43]. See reviews in Refs. [14, 44–49] for their recent progress.
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2We have also systematically studied the mass spectra of these excited heavy baryons [50–53], using the method of
QCD sum rules [54, 55] in the framework of heavy quark effective theory (HQET) [56–58]. The HQET works well
in the bottom sector but not so good in the charm sector. Hence, in Refs. [50–53] we have taken into account the
O(1/mQ) corrections (mQ is the heavy quark mass), and did find them to be non-negligible. In Ref. [59] it was also
found that the finite quark mass corrections to the form factors and the rates of semileptonic transitions are important
for heavy-to-light (charm-to-strange) transitions and not negligible for heavy-to-heavy (bottom-to-charm) transitions.
In a different framework based on the Dyson-Schwinger equation [60] it was similarly concluded that the heavy-quark
expansion is accurate for the bottom quark while it provides a poor approximation for the charm quark. More studies
on heavy mesons and baryons using this scheme can be found in Refs. [61–80], and others using the method of QCD
sum rules but not in HQET can be found in Refs. [81–85].
Based on the heavy quark effective theory, we can classify the P -wave charmed baryons into eight charmed baryon
multiplets, including four of the flavor 3¯F
(
[3¯F , 0, 1, ρ], [3¯F , 1, 1, ρ], [3¯F , 2, 1, ρ] and [3¯F , 1, 0, λ]
)
and four of the flavor
6F
(
[6F , 1, 0, ρ], [6F , 0, 1, λ], [6F , 1, 1, λ] and [6F , 2, 1, λ]
)
. See Sec. II for the explanations of these symbols. For each
set of multiples, the first one of jl = 0 forms a heavy quark singlet, while the other three of jl = 1 form heavy-quark
doublets. These multiplets provide lots of P -wave charmed baryons. For example, there can be as many as seven
P -wave Ωc states theoretically, including three J
P = 1/2−, three JP = 3/2−, and one JP = 5/2− states. Previously,
it seems impossible to observe all these P -wave Ωc states experimentally. However, the recent LHCb experiment
observed as many as five excited Ωc states at the same time [1] (actually this number is six if the Ωc(3188)
0 is
included), suggesting that “An ideal platform to study these structures (the gross, fine and hyperfine structures of the
strong interaction) is the heavy hadrons containing one charm or bottom quark [14].”
In this paper we shall further use the method of light-cone QCD sum rules [86–105] to study the decay properties
of these P -wave charmed baryons, the method of which is also based on the heavy quark effective theory (HQET).
We shall only study their S-wave decay properties, and note that their D-wave decays can also happen but these
contributions may not be significant. Our sum rule calculations will be done separately for the above eight charmed
baryon multiplets. However, because the heavy quark symmetry is not perfect, the physical states are probably mixed
states containing various components with different inner quantum numbers. Hence, we shall also discuss the mixing
of these charmed baryon multiplets in this paper, where we shall find that the decay properties of the P -wave charmed
baryons are quite sensitive to this. We refer to Refs. [106–113] for earlier studies using the method of light-cone QCD
sum rules in the framework of HQET. The decay properties of heavy baryons have also been studied using many
other methods, such as in Ref. [114] where the one-pion transitions between heavy baryons were investigated in the
constituent quark model based on the heavy quark symmetry.
This paper is organized as follows. First in Sec. II we reevaluated and listed the input parameters for the present
study, including the masses, decay constants, and interpolating fields of the ground-state and P -wave charmed baryons.
Then in Sec. III we investigate the decay properties of the flavor 3¯F P -wave charmed baryons within the method of
light-cone QCD sum rules, and we shall study their S-wave decays into ground-state charmed baryons accompanied
by a pseudoscalar meson (π or K) or a vector meson (ρ or K∗). Using the same procedures, in Sec. IV we investigate
the decay properties of the flavor 6F P -wave charmed baryons, and we shall study their S-wave decays into ground-
state charmed baryons accompanied by a pseudoscalar meson (π or K). The results are summarized and discussed
in Sec. V.
II. GROUND-STATE AND P -WAVE CHARMED BARYONS
To study the decay properties of charmed baryons in the method of light-cone QCD sum rules, we need some
parameters of these states, such as their masses (mB), interpolating fields (Jα1···αj−1/2), decay constants (fB), and
threshold values (ωc), etc. These parameters are defined below, while their values are listed separately in the following
three subsections for both ground-state charmed baryons, P -wave charmed baryons of flavor 3¯F and P -wave charmed
baryons of flavor 6F .
The coupling of the interpolating field Jα1···αj−1/2(x) to the charmed baryon B of spin j is defined to be
〈0|Jα1···αj−1/2(x)|B〉 = fBuα1···αj−1/2 (x) , (1)
where fB is the decay constant, and uα1···αj is the relevant spinor.
Then the two-point correlation function at the hadron level can be written as
Πα1···αj−1/2,β1···βj−1/2(ω) = i
∫
d4xeikx〈0|T [Jα1···αj−1/2 (x)J¯β1···βj−1/2(0)]|0〉 (2)
= S[gα1β1t · · · g
αj−1/2βj−1/2
t ]×
1 + v/
2
×ΠF,jl,sl,ρρ/λλ/ρλ(ω) ,
3= S[gα1β1t · · · g
αj−1/2βj−1/2
t ]×
1 + v/
2
×
( f2B
ΛB − ω
+ higher states
)
.
Here S[· · · ] denotes symmetrization and subtracting the trace terms in the sets (α1 · · ·αj−1/2) and (β1 · · ·βj−1/2); ω
is the external off-shell energy ω = v · k; ΛB is defined to be
ΛB ≡ lim
mQ→∞
(mB −mQ) , (3)
where mQ is the heavy quark mass, and mB is the mass of the lowest-lying charmed baryon state coupling with
Jα1···αj−1/2(x).
At the quark-gluon level, one can calculate the two-point correlation function, Eq. (2), using the method of QCD
operator product expansion. By assuming the contribution from the continuum states (higher states) can be approxi-
mated well by the OPE spectral density above a threshold value ωc, one can arrive at the mass sum rule relation which
can be used to calculate masses and decay constants of charmed baryons. See Refs. [50–52] for detailed discussions,
and their results are reevaluated and listed below.
A. Ground-state charmed baryons
The masses and decay constants of the S-wave bottom baryons have been systematically investigated in Ref. [50]
using the method of QCD sum rules in HQET. We replace the bottom quark by the charm quark, reevaluate their
parameters, and shortly summarize the results here. For completeness, we first list masses of the ground-state charmed
baryons from PDG [2]:
Λc(1/2
+) : m = 2286.46 MeV ,
Ξc(1/2
+) : m = 2469.34 MeV ,
Σc(1/2
+) : m = 2453.54 MeV ,Γ = 1.86 MeV , gΣcΛcpi = 3.94 GeV
−1 ,
Ξ′c(1/2
+) : m = 2576.8 MeV , (4)
Ωc(1/2
+) : m = 2695.2 MeV ,
Σ∗c(3/2
+) : m = 2518.1 MeV ,Γ = 14.7 MeV , gΣ∗cΛcpi = 7.39 GeV
−1 ,
Ξ∗c(3/2
+) : m = 2645.9 MeV ,Γ ≤ 4.3 MeV , gΞ∗cΞcpi < 4.90 GeV
−1 ,
Ω∗c(3/2
+) : m = 2765.9 MeV ,
whose values have been averaged over isospin. We also list masses of the ground-state pseudoscalar and vector
mesons [2]:
π(0−) : m = 138.04 MeV ,
K(0−) : m = 495.65 MeV , (5)
ρ(1−) : m = 775.21 MeV ,Γ = 148.2 MeV , gρpipi = 5.94 ,
K∗(1−) : m = 893.57 MeV ,Γ = 49.1 MeV , gK∗Kpi = 6.40 .
In these equations there are five coupling constants, gΣcΛcpi, gΣ∗cΛcpi, gΞ∗cΞcpi, gρpipi, and gK∗Kpi, which are evaluated
using the experimental decay widths of the Σc(1/2
+), Σ∗c(3/2
+), Ξ∗c(3/2
+), ρ(1−) andK∗(1−) [2] through the following
Lagrangians
LΣcΛcpi = gΣcΛcpiΣ
+
c γµγ5Λ
+
c ∂
µπ0 + · · · ,
LΣ∗cΛcpi = gΣ∗cΛcpiΣ
∗+
cµ Λ
+
c ∂
µπ0 + · · · ,
LΞ∗cΞcpi = gΞ∗cΞcpiΞ
∗+
cµ Ξ
+
c ∂
µπ0 + · · · , (6)
Lρpipi = gρpipi ×
(
ρ0µπ
+∂µπ− + ρ0µπ
−∂µπ+
)
+ · · · ,
LK∗Kpi = gK∗KpiK
∗+
µ K
−∂µπ0 + · · · ,
where · · · contain their isospin partners as well as their hermitian conjugate.
The ground-state charmed baryons have been systematically investigated in Ref. [50], which compose one flavor 3¯F
multiplet of JP = 1/2+, one flavor 6F multiplet of J
P = 1/2+, and one flavor 6F multiplet of J
P = 3/2+. The two
flavor 6F multiplets of J
P = 1/2+ and 3/2+ compose one charmed baryon multiplet where the spin of the two light
quarks is sl = 1, and the flavor 3¯F multiplet of J
P = 1/2+ composes another charmed baryon multiplet where the
spin of the two light quarks is sl = 0. The results of their mass sum rules are [50]:
41. The flavor 3¯F multiplet of J
P = 1/2+ contains Λ+c (1/2
+), Ξ+c (1/2
+) and Ξ0c(1/2
+), which can be well coupled
by the following interpolating fields:
JΛ+c (x) = ǫabc[u
aT (x)Cγ5d
b(x)]hcv(x) , (7)
JΞ+c (x) = ǫabc[u
aT (x)Cγ5s
b(x)]hcv(x) , (8)
JΞ0c (x) = ǫabc[d
aT (x)Cγ5s
b(x)]hcv(x) , (9)
where a, b and c are color indices; ǫabc is the totally antisymmetric tensor; C is the charge-conjugation operator;
the superscript T represents the transpose of the Dirac indices only; u(x), d(x) and s(x) are the light quark
fields at location x; hv(x) is the heavy quark field at location x. Based on the results of Ref. [50], we evaluate
their parameters to be Λ¯Λ+c = 0.773 GeV, Λ¯Ξ+c = Λ¯Ξ0c = 0.908 GeV, fΛ+c = 0.0255 GeV
3 and fΞ+c = fΞ0c = 0.0258
GeV3, with the threshold values ωΛ+c = 1.1 GeV and ωΞ+c = ωΞ0c = 1.25 GeV.
2. The flavor 6F multiplet of J
P = 1/2+ contains Σ++c (1/2
+), Σ+c (1/2
+), Σ0c(1/2
+), Ξ′+c (1/2
+), Ξ′0c (1/2
+) and
Ω0c(1/2
+), which can be well coupled by
JΣ++c (x) = ǫabc[u
aT (x)Cγµu
b(x)]γµt γ5h
c
v(x) , (10)
JΣ+c (x) = ǫabc[u
aT (x)Cγµd
b(x)]γµt γ5h
c
v(x) , (11)
JΣ0c (x) = ǫabc[d
aT (x)Cγµd
b(x)]γµt γ5h
c
v(x) , (12)
JΞ′+c (x) = ǫabc[u
aT (x)Cγµs
b(x)]γµt γ5h
c
v(x) , (13)
JΞ′0c (x) = ǫabc[d
aT (x)Cγµs
b(x)]γµt γ5h
c
v(x) , (14)
JΩ0c (x) = ǫabc[s
aT (x)Cγµs
b(x)]γµt γ5h
c
v(x) . (15)
Based on the results of Ref. [50], we evaluate their parameters to be Λ¯Σ++c = Λ¯Σ+c = Λ¯Σ0c = 0.950 GeV,
Λ¯Ξ′+c = Λ¯Ξ′0c = 1.042 GeV, Λ¯Ω0c = 1.169 GeV,
1√
2
fΣ++c = fΣ+c =
1√
2
fΣ0c = 0.0432 GeV
3, fΞ′+c = fΞ′0c = 0.0435
GeV3 and 1√
2
fΩ0c = 0.0438 GeV
3, with the threshold values ωΣ++c = ωΣ+c = ωΣ0c = 1.3 GeV, ωΞ′+c = ωΞ′0c = 1.4
GeV and ωΩ0c = 1.55 GeV.
3. The flavor 6F multiplet of J
P = 3/2+ contains Σ∗++c (3/2
+), Σ∗+c (3/2
+), Σ∗0c (3/2
+), Ξ∗+c (3/2
+), Ξ∗0c (3/2
+) and
Ω∗0c (3/2
+), which can be well coupled by
Jµ
Σ∗++c
(x) = ǫabc[u
aT (x)Cγνu
b(x)]
(
− gµνt +
1
3
γµt γ
ν
t
)
hcv(x) , (16)
Jµ
Σ∗+c
(x) = ǫabc[u
aT (x)Cγνd
b(x)]
(
− gµνt +
1
3
γµt γ
ν
t
)
hcv(x) , (17)
JµΣ∗0c
(x) = ǫabc[d
aT (x)Cγνd
b(x)]
(
− gµνt +
1
3
γµt γ
ν
t
)
hcv(x) , (18)
Jµ
Ξ∗+c
(x) = ǫabc[u
aT (x)Cγνs
b(x)]
(
− gµνt +
1
3
γµt γ
ν
t
)
hcv(x) , (19)
JµΞ∗0c
(x) = ǫabc[d
aT (x)Cγνs
b(x)]
(
− gµνt +
1
3
γµt γ
ν
t
)
hcv(x) , (20)
JµΩ∗0c
(x) = ǫabc[s
aT (x)Cγνs
b(x)]
(
− gµνt +
1
3
γµt γ
ν
t
)
hcv(x) . (21)
Based on the results of Ref. [50], we evaluate their parameters to be Λ¯Σ∗++c = Λ¯Σ∗+c = Λ¯Σ∗0c = 0.950 GeV,
Λ¯Ξ∗+c = Λ¯Ξ∗0c = 1.042 GeV, Λ¯Ω∗0c = 1.169 GeV,
1√
2
fΣ∗++c = fΣ∗+c =
1√
2
fΣ∗0c =
1√
3
0.0432 GeV3, fΞ∗+c = fΞ∗0c =
1√
3
0.0435 GeV3 and 1√
2
fΩ∗0c =
1√
3
0.0438 GeV3, with the threshold values ωΣ∗++c = ωΣ∗+c = ωΣ∗0c = 1.3 GeV,
ωΞ∗+c = ωΞ∗0c = 1.4 GeV and ωΩ∗0c = 1.55 GeV.
We list all these values in Table I.
B. P -wave charmed baryons of flavor 3¯F
The four observed states Λc(2595) (J
P = 1/2−), Λc(2625) (JP = 3/2−), Ξc(2790) (JP = 1/2−) and Ξc(2815)
(JP = 3/2−) probably complete two flavor 3¯F multiplets of JP = 1/2− and 3/2− [2]. Accordingly, in the present
5TABLE I: The parameters of the ground-state charmed baryons. The two flavor 6F multiplets of J
P = 1/2+ and 3/2+ compose
one charmed baryon multiplet where the spin of the two light quarks is sl = 1, while the flavor 3¯F multiplet of J
P = 1/2+
composes another charmed baryon multiplet where the spin of the two light quarks is sl = 0.
Multiplets Baryon Mass (MeV) ωc (GeV) Λ (GeV) f (GeV
3)
[3¯F ,
1
2
+
]
Λ+c (1/2
+) 2286.46 1.10 0.773 0.0255
Ξ+c (1/2
+) 2467.8 1.25 0.908 0.0258
Ξ0c(1/2
+) 2470.88 1.25 0.908 0.0258
[6F ,
1
2
+
]
Σ++c (1/2
+) 2453.98 1.30 0.950
√
2× 0.0432
Σ+c (1/2
+) 2452.9 1.30 0.950 0.0432
Σ0c(1/2
+) 2453.74 1.30 0.950
√
2× 0.0432
Ξ′+c (1/2
+) 2575.6 1.40 1.042 0.0435
Ξ′0c (1/2
+) 2577.9 1.40 1.042 0.0435
Ω+c (1/2
+) 2695.2 1.55 1.169
√
2× 0.0438
[6F ,
3
2
+
]
Σ∗++c (1/2
+) 2517.9 1.30 0.950
√
2
3
× 0.0432
Σ∗+c (1/2
+) 2517.5 1.30 0.950
√
1
3
× 0.0432
Σ∗0c (1/2
+) 2518.8 1.30 0.950
√
2
3
× 0.0432
Ξ∗+c (1/2
+) 2645.9 1.40 1.042
√
1
3
× 0.0435
Ξ∗0c (1/2
+) 2645.9 1.40 1.042
√
1
3
× 0.0435
Ω∗+c (1/2
+) 2765.9 1.55 1.169
√
2
3
× 0.0438
study we assume masses of the P -wave charmed baryon states of flavor 3¯F to be
Λc(1/2
−
) : m = 2592.25 MeV ,
Λc(3/2
−
) : m = 2628.11 MeV , (22)
Ξc(1/2
−) : m = 2790.5 MeV ,
Λc(3/2
−
) : m = 2818.1 MeV ,
which values will be used in Sec. III to evaluate their decay widths.
The masses and decay constants of the flavor 3¯F P -wave charmed baryons have been systematically investigated in
Refs. [51, 52] using the method of QCD sum rules in HQET, and our results suggested that the Λc(2595), Λc(2625),
Ξc(2790) and Ξc(2815) can be well described by the baryon doublet [3¯F , 1, 1, ρ] and they complete two 3¯F multiplets
of JP = 1/2− and 3/2−; while the results obtained using the baryon doublet [3¯F , 1, 0, λ] seem also consistent with
the data. We note that the definition of the external off-shell energy ω in the present study is different from that
used in Refs. [51, 52]. Hence, in the present study we also reevaluate their parameters, and shortly summarize their
results in the following.
Based on HQET, we use J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
to denote the P -wave charmed baryon field coupling to |j, P, F, jl, sl, ρ/λ〉,
where j, P , and F are the total angular momentum, parity and flavor representation (either 3¯F or 6F ) of the charmed
baryons, and jl and sl are the total angular momentum and spin angular momentum of the light components. We use
lρ to denote the orbital angular momentum between the two light quarks, lλ to denote the orbital angular momentum
between the charm quark and the two-light-quark system, and then ρ to denote lρ = 1 and lλ = 0, while λ to denote
lρ = 0 and lλ = 1. We have the relations L = lλ ⊗ lρ, jl = L⊗ sl and j = jl ⊗ sQ, where sQ = 1/2 is the spin of the
heavy quark. This field J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
belongs to the baryon multiplet [F, jl, sl, ρ/λ].
There are altogether four P -wave charmed baryon multiplets of the flavor 3¯F , [3¯F , 0, 1, ρ], [3¯F , 1, 1, ρ], [3¯F , 2, 1, ρ],
and [3¯F , 1, 0, λ]. The results of their mass sum rules are [51, 52]:
1. The [3¯F , 0, 1, ρ] multiplet contains Λ
+
c (
1
2
−
) and Ξ+,0c (
1
2
−
), which are coupled by
J1/2,−,3¯F ,0,1,ρ = iǫabc
(
[Dµt q
aT ]Cγµt q
b − qaTCγµt [D
µ
t q
b]
)
hcv , (23)
6where Dµ = ∂µ− igAµ is the gauge-covariant derivative. We can further explicitly denote the quark contents by
simply replacing 3¯F by Λc and Ξc. For example, We use J1/2,−,Ξ+c ,0,1,ρ to denote J1/2,−,3¯F ,0,1,ρ with the quark
contents usc:
J1/2,−,Ξ+c ,0,1,ρ = iǫabc
(
[Dµt u
aT ]Cγµt s
b − uaTCγµt [D
µ
t s
b]
)
hcv . (24)
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Λ+c ( 12
−) = 0.987 GeV, Λ¯Ξ+,0c ( 12
−) = 1.181
GeV, fΛ+c ( 12
−) = 0.0198 GeV
4 and fΞ+,0c ( 12
−) = 0.0296 GeV
4, with the threshold values ωΛ+c ( 12
−) = 1.75 GeV and
ωΞ+,0c ( 12
−) = 1.55 GeV.
2. The [3¯F , 1, 1, ρ] multiplet contains Λ
+
c (
1
2
−
/ 32
−
) and Ξ+,0c (
1
2
−
/ 32
−
), which are coupled by
J1/2,−,3¯F ,1,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
σµνt h
c
v , (25)
Jα3/2,−,3¯F ,1,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
(26)
×
(
gαµt γ
ν
t γ5 − g
αν
t γ
µ
t γ5 −
1
3
γαt γ
µ
t γ
ν
t γ5 +
1
3
γαt γ
ν
t γ
µ
t γ5
)
hcv .
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Λ+c ( 12
−/ 32
−) = 1.164 GeV,
Λ¯Ξ+,0c ( 12
−/ 32
−) = 1.349 GeV, fΛ+c ( 12
−) = 0.0523 GeV
4, fΞ+,0c ( 12
−) = 0.0788 GeV
4, fΛ+c ( 32
−) = 0.0523 GeV
4 and
fΞ+,0c ( 32
−) = 0.0788 GeV
4, with the threshold values ωΛ+c ( 12
−/ 32
−) = 1.55 GeV and ωΞ+,0c ( 12
−/ 32
−) = 1.8 GeV.
3. The [3¯F , 2, 1, ρ] multiplet contains Λ
+
c (
3
2
−
/ 52
−
) and Ξ+,0c (
3
2
−
/ 52
−
), which are coupled by
Jα3/2,−,3¯F ,2,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
×
(
gαµt γ
ν
t γ5 + g
αν
t γ
µ
t γ5 −
2
3
gµνt γ
α
t γ5
)
hcv , (27)
Jα1α2
5/2,−,3¯F ,2,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
× Γα1α2,µνhcv , (28)
where Γα1α2,µν is the projection operator:
Γαβ,µν = gαµt g
βν
t + g
αν
t g
βµ
t −
2
15
gαβt g
µν
t −
1
3
gαµt γ
β
t γ
ν
t −
1
3
gανt γ
β
t γ
µ
t −
1
3
gβµt γ
α
t γ
ν
t −
1
3
gβνt γ
α
t γ
µ
t (29)
+
1
15
γαt γ
µ
t γ
β
t γ
ν
t +
1
15
γαt γ
ν
t γ
β
t γ
µ
t +
1
15
γβt γ
µ
t γ
α
t γ
ν
t +
1
15
γβt γ
ν
t γ
α
t γ
µ
t .
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Λ+c ( 32
−/ 52
−) = 1.339 GeV,
Λ¯Ξ+,0c ( 32
−/ 52
−) = 1.510 GeV, fΛ+c ( 32
−) = 0.0578 GeV
4, fΞ+,0c ( 32
−) = 0.0901 GeV
4, fΛ+c ( 52
−) =
1√
5
0.0578 GeV4
and fΞ+,0c ( 52
−) =
1√
5
0.0901 GeV4, with the threshold values ωΛ+c ( 32
−/ 52
−) = 1.8 GeV and ωΞ+,0c ( 32
−/ 52
−) = 2.0
GeV.
4. The [3¯F , 1, 0, λ] multiplet contains Λ
+
c (
1
2
−
/ 32
−
) and Ξ+,0c (
1
2
−
/ 32
−
), which are coupled by
J1/2,−,3¯F ,1,0,λ = iǫabc
(
[Dµt q
aT ]Cγ5q
b + qaTCγ5[D
µ
t q
b]
)
γµt γ5h
c
v , (30)
Jα3/2,−,3¯F ,1,0,λ = iǫabc
(
[Dµt q
aT ]Cγ5q
b + qaTCγ5[D
µ
t q
b]
)(
gαµt −
1
3
γαt γ
µ
t
)
hcv . (31)
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Λ+c ( 12
−/ 32
−) = 0.961 GeV,
Λ¯Ξ+,0c ( 12
−/ 32
−) = 1.057 GeV, fΛ+c ( 12
−) = 0.0201 GeV
4, fΞ+,0c ( 12
−) = 0.0255 GeV
4, fΛ+c ( 32
−) =
1√
3
0.0201 GeV4
and fΞ+,0c ( 32
−) =
1√
3
0.0255 GeV4, with the threshold values ωΛ+c ( 12
−/ 32
−) = 1.45 GeV and ωΞ+,0c ( 12
−/ 32
−) = 1.55
GeV.
We also list these values in Table II.
7TABLE II: The parameters of the P -wave charmed baryons of flavor 3¯F . In Ref. [51] we have systematically evaluated masses of
the P -wave charmed baryons, and our results suggested the four observed states Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−),
Ξc(2790) (J
P = 1/2−) and Ξc(2815) (J
P = 3/2−) can be well described by the baryon doublet [3¯F , 1, 1, ρ] and they complete
two 3¯F multiplets of J
P = 1/2− and 3/2−, while the currents belonging to the baryon doublet [3¯F , 1, 0, λ] seem also consistent
with the data.
Multiplets Baryon ωc (GeV) T (GeV) Λ (GeV) f (GeV
4)
[3¯F , 0, 1, ρ]
Λ+c (
1
2
−
) 1.75 ∼ 0.37 0.987 0.0198
Ξ+c (
1
2
−
) 1.55 ∼ 0.38 1.181 0.0296
Ξ0c(
1
2
−
) 1.55 ∼ 0.38 1.181 0.0296
[3¯F , 1, 1, ρ]
Λ+c (
1
2
−
/ 3
2
−
) 1.55 0.27 < T < 0.30 1.164 0.0523/0.0523
Ξ+c (
1
2
−
/ 3
2
−
) 1.80 0.27 < T < 0.32 1.349 0.0788/0.0788
Ξ0c(
1
2
−
/ 3
2
−
) 1.80 0.27 < T < 0.32 1.349 0.0788/0.0788
[3¯F , 2, 1, ρ]
Λ+c (
3
2
−
/ 5
2
−
) 1.80 ∼ 0.30 1.339 0.0578/
√
1
5
× 0.0578
Ξ+c (
3
2
−
/ 5
2
−
) 2.00 ∼ 0.33 1.510 0.0901/
√
1
5
× 0.0901
Ξ0c(
3
2
−
/ 5
2
−
) 2.00 ∼ 0.33 1.510 0.0901/
√
1
5
× 0.0901
[3¯F , 1, 0, λ]
Λ+c (
1
2
−
/ 3
2
−
) 1.45 ∼ 0.30 0.961 0.0201/
√
1
3
× 0.0201
Ξ+c (
1
2
−
/ 3
2
−
) 1.55 ∼ 0.32 1.057 0.0255/
√
1
3
× 0.0255
Ξ0c(
1
2
−
/ 3
2
−
) 1.55 ∼ 0.32 1.057 0.0255/
√
1
3
× 0.0255
C. P -wave charmed baryons of flavor 6F
The three observed states Σc(2800) (J
P =??), Ξc(2930) (J
P =??) and Ξc(2980) (J
P =??) may be P -wave charmed
baryon states of the flavor 6F . Besides them, there are five excited Ωc states recently observed by LHCb [1]: the
Ωc(3000), Ωc(3050), Ωc(3066), Ωc(3090), and Ωc(3119), which may also be interpreted as P -wave charmed baryon
states of the flavor 6F . Accordingly, in the present study we assume the masses of the P -wave charmed baryon fields
to be
Σc
(1
2
−
/
3
2
−)
: m ≈ 2800 MeV ,
Ξ′c
(1
2
−
/
3
2
−)
: m ≈ 2950 MeV ,
Ωc
(1
2
−)
: m ≈ 3100 MeV ,
Ωc
(3
2
−)
: m ≈ 3120 MeV ,
which values will be used in Sec. IV to evaluate their decay widths.
The masses and decay constants of the flavor 6F P -wave charmed baryons have been systematically investigated
in Refs. [51, 52] using the method of QCD sum rules in HQET, and our results suggested that the baryon doublet
[6F , 1, 0, ρ] contains Σc(1/2
−, 3/2−), Ξ′c(1/2
−, 3/2−), and Ωc(1/2−, 3/2−), and its obtained results are consistent with
the observed states Σc(2800) (J
P =??) and Ξc(2980) (J
P =??), while the results obtained by using the baryon doublet
[6F , 2, 1, λ] are also consistent with them. We shortly summarize their results in the following.
There are altogether four P -wave charmed baryon multiplets of the flavor 6F , [6F , 1, 0, ρ], [6F , 0, 1, λ], [6F , 1, 1, λ]
and [6F , 2, 1, λ], and the results of their mass sum rules are [51, 52]:
1. The [6F , 1, 0, ρ] multiplet contains Σ
++,+,0
c (
1
2
−
/ 32
−
), Ξ′+,0c (
1
2
−
/ 32
−
) and Ω0c(
1
2
−
/ 32
−
), which are coupled by
J1/2,−,6F ,1,0,ρ = iǫabc
(
[Dµt q
aT ]Cγ5q
b − qaTCγ5[D
µ
t q
b]
)
γµt γ5h
c
v , (32)
Jα3/2,−,6F ,1,0,ρ = iǫabc
(
[Dµt q
aT ]Cγ5q
b − qaTCγ5[D
µ
t q
b]
)(
gαµt −
1
3
γαt γ
µ
t
)
hcv . (33)
8Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Σ++,+,0c ( 12
−/ 32
−) = 1.224 GeV,
Λ¯Ξ′+,0c ( 12
−/ 32
−) = 1.422 GeV, Λ¯Ω0c( 12
−/ 32
−) = 1.641 GeV,
1√
2
fΣ++,0c ( 12
−) = fΣ+c ( 12
−) = 0.0437 GeV
4, fΞ′+,0c ( 12
−) =
0.0680 GeV4, 1√
2
fΩ0c( 12
−) = 0.108 GeV
4, 1√
2
fΣ++,0c ( 32
−) = fΣ+c ( 32
−) =
1√
3
0.0437 GeV4, fΞ′+,0c ( 32
−) =
1√
3
0.0680
GeV4 and 1√
2
fΩ0c( 32
−) =
1√
3
0.108 GeV4, with the threshold values ωΣ++,+,0c ( 12
−/ 32
−) = 1.7 GeV, ωΞ′+,0c ( 12
−/ 32
−) =
1.95 GeV and ωΩ0c( 12
−/ 32
−) = 2.2 GeV.
2. The [6F , 0, 1, λ] multiplet contains Σ
++,+,0
c (
1
2
−
), Ξ′+,0c (
1
2
−
), and Ω0c(
1
2
−
), which are coupled by
J1/2,−,6F ,0,1,λ = iǫabc
(
[Dµt q
aT ]Cγµt q
b + qaTCγµt [D
µ
t q
b]
)
hcv . (34)
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Σ++,+,0c ( 12
−) = 1.100 GeV, Λ¯Ξ′+,0c ( 12
−) =
1.295 GeV, Λ¯Ω0c( 12
−) = 1.504 GeV,
1√
2
fΣ++,0c ( 12
−) = fΣ+c ( 12
−) = 0.0344 GeV
4, fΞ′+,0c ( 12
−) = 0.0512 GeV
4 and
1√
2
fΩ0c( 12
−) = 0.0804 GeV
4, with the threshold values ωΣ++,+,0c ( 12
−) = 1.45 GeV, ωΞ′+,0c ( 12
−) = 1.7 GeV and
ωΩ0c( 12
−) = 1.95 GeV.
3. The [6F , 1, 1, λ] multiplet Σ
++,+,0
c (
1
2
−
/ 32
−
), Ξ′+,0c (
1
2
−
/ 32
−
), and Ω0c(
1
2
−
/ 32
−
), which are coupled by
J1/2,−,6F ,1,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
σµνt h
c
v , (35)
Jα3/2,−,6F ,1,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
(36)
×
(
gαµt γ
ν
t γ5 − g
αν
t γ
µ
t γ5 −
1
3
γαt γ
µ
t γ
ν
t γ5 +
1
3
γαt γ
ν
t γ
µ
t γ5
)
hcv .
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Σ++,+,0c ( 12
−/ 32
−) = 1.066 GeV,
Λ¯Ξ′+,0c ( 12
−/ 32
−) = 1.181 GeV, Λ¯Ω0c( 12
−/ 32
−) = 1.270 GeV,
1√
2
fΣ++,0c ( 12
−) = fΣ+c ( 12
−) = 0.0349 GeV
4, fΞ′+,0c ( 12
−) =
0.0451 GeV4, 1√
2
fΩ0c( 12
−) = 0.0546 GeV
4, 1√
2
fΣ++,0c ( 32
−) = fΣ+c ( 32
−) = 0.0349 GeV
4, fΞ′+,0c ( 32
−) = 0.0451 GeV
4
and 1√
2
fΩ0c( 32
−) = 0.0546 GeV
4, with the threshold values ωΣ++,+,0c ( 12
−/ 32
−) = 1.75 GeV, ωΞ′+,0c ( 12
−/ 32
−) = 1.75
GeV and ωΩ0c( 12
−/ 32
−) = 1.75 GeV.
4. The [6F , 2, 1, λ] multiplet Σ
++,+,0
c (
3
2
−
/ 52
−
), Ξ′+,0c (
3
2
−
/ 52
−
), and Ω0c(
3
2
−
/ 52
−
), which are coupled by
Jα3/2,−,6F ,2,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
×
(
gαµt γ
ν
t γ5 + g
αν
t γ
µ
t γ5 −
2
3
gµνt γ
α
t γ5
)
hcv , (37)
Jα1α25/2,−,6F ,2,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
× Γα1α2,µνhcv . (38)
Based on the results of Refs. [51, 52], we evaluate their parameters to be Λ¯Σ++,+,0c ( 32
−/ 52
−) = 1.099 GeV,
Λ¯Ξ′+,0c ( 32
−/ 52
−) = 1.254 GeV, Λ¯Ω0c( 32
−/ 52
−) = 1.461 GeV,
1√
2
fΣ++,0c ( 32
−) = fΣ+c ( 32
−) = 0.0395 GeV
4, fΞ′+,0c ( 32
−) =
0.0599 GeV4, 1√
2
fΩ0c( 32
−) = 0.0976 GeV
4, 1√
2
fΣ++,0c ( 52
−) = fΣ+c ( 52
−) =
1√
5
0.0395 GeV4, fΞ′+,0c ( 52
−) =
1√
5
0.0599
GeV4 and 1√
2
fΩ0c( 52
−) =
1√
5
0.0976 GeV4, with the threshold values ωΣ++,+,0c ( 32
−/ 52
−) = 1.5 GeV, ωΞ′+,0c ( 32
−/ 52
−) =
1.75 GeV and ωΩ0c( 32
−/ 52
−) = 2.0 GeV.
We also list all these values in Table III.
III. DECAY PROPERTIES OF FLAVOR 3¯F P -WAVE CHARMED BARYONS
In this section we use the method of light-cone QCD sum rules to study decay properties of the flavor 3¯F P -
wave charmed baryons. We only study their S-wave decays into ground-state charmed baryons accompanied by a
pseudoscalar meson (π or K) or a vector meson (ρ or K∗). Because the masses of the flavor 3¯F P -wave charmed
baryons are sometimes below the two-body decay thresholds (such as Λc(3/2
−)→ Σ∗c(3/2
+)+ π), we also study their
three-body decays, which are kinematically allowed (such as Λc(3/2
−)→ Σ∗c(3/2
+) + π → Λc(1/2
+) + π + π).
9TABLE III: The parameters of the P -wave charmed baryons of flavor 6. In Ref. [51] we have systematically evaluated the
masses of the P -wave charmed baryons, and our results suggested that the baryon doublet [6F , 1, 0, ρ] contains Σc(1/2
−, 3/2−),
Ξ′c(1/2
−, 3/2−), and Ωc(1/2
−, 3/2−), and its obtained results are consistent with the observed states Σc(2800) (J
P =??) and
Ξc(2980) (J
P =??), while the results obtained by using the baryon doublet [6F , 2, 1, λ] are also consistent with them.
Multiplets Baryon ωc (GeV) T (GeV) Λ (GeV) f (GeV
4)
[6F , 1, 0, ρ]
Σ++c (
1
2
−
/ 3
2
−
) 1.70 0.26 < T < 0.32 1.224
√
2× 0.0437/
√
2
3
× 0.0437
Σ+c (
1
2
−
/ 3
2
−
) 1.70 0.26 < T < 0.32 1.224 0.0437/
√
1
3
× 0.0437
Σ0c(
1
2
−
/ 3
2
−
) 1.70 0.26 < T < 0.32 1.224
√
2× 0.0437/
√
2
3
× 0.0437
Ξ′+c (
1
2
−
/ 3
2
−
) 1.95 0.26 < T < 0.35 1.422 0.0680/
√
1
3
× 0.0680
Ξ′0c (
1
2
−
/ 3
2
−
) 1.95 0.26 < T < 0.35 1.422 0.0680/
√
1
3
× 0.0680
Ω+c (
1
2
−
/ 3
2
−
) 2.20 0.25 < T < 0.39 1.641
√
2× 0.108/
√
2
3
× 0.108
[6F , 0, 1, λ]
Σ++c (
1
2
−
) 1.45 ∼ 0.29 1.100 √2× 0.0344
Σ+c (
1
2
−
) 1.45 ∼ 0.29 1.100 0.0344
Σ0c(
1
2
−
) 1.45 ∼ 0.29 1.100 √2× 0.0344
Ξ′+c (
1
2
−
) 1.70 0.27 < T < 0.32 1.295 0.0512
Ξ′0c (
1
2
−
) 1.70 0.27 < T < 0.32 1.295 0.0512
Ω+c (
1
2
−
) 1.95 0.27 < T < 0.33 1.504
√
2× 0.0804
[6F , 1, 1, λ]
Σ++c (
1
2
−
/ 3
2
−
) 1.75 0.32 < T < 0.34 1.066
√
2× 0.0349/√2× 0.0349
Σ+c (
1
2
−
/ 3
2
−
) 1.75 0.32 < T < 0.34 1.066 0.0349/0.0349
Σ0c(
1
2
−
/ 3
2
−
) 1.75 0.32 < T < 0.34 1.066
√
2× 0.0349/√2× 0.0349
Ξ′+c (
1
2
−
/ 3
2
−
) 1.75 ∼ 0.35 1.181 0.0451/0.0451
Ξ′0c (
1
2
−
/ 3
2
−
) 1.75 ∼ 0.35 1.181 0.0451/0.0451
Ω+c (
1
2
−
/ 3
2
−
) 1.75 ∼ 0.36 1.270 √2× 0.0546/√2× 0.0546
[6F , 2, 1, λ]
Σ++c (
3
2
−
/ 5
2
−
) 1.50 0.27 < T < 0.29 1.099
√
2× 0.0395/
√
2
5
× 0.0395
Σ+c (
3
2
−
/ 5
2
−
) 1.50 0.27 < T < 0.29 1.099 0.0395/
√
1
5
× 0.0395
Σ0c(
3
2
−
/ 5
2
−
) 1.50 0.27 < T < 0.29 1.099
√
2× 0.0395/
√
2
5
× 0.0395
Ξ′+c (
3
2
−
/ 5
2
−
) 1.75 0.26 < T < 0.32 1.254 0.0599/
√
1
5
× 0.0599
Ξ′0c (
3
2
−
/ 5
2
−
) 1.75 0.26 < T < 0.32 1.254 0.0599/
√
1
5
× 0.0599
Ω+c (
3
2
−
/ 5
2
−
) 2.00 0.26 < T < 0.36 1.461
√
2× 0.0976/
√
2
5
× 0.0976
The possible decay channels are:
(a) Γ
[
Λc(1/2
−)→ Σc(1/2+) + π
]
(39)
= Γ
[
Λ+c (1/2
−)→ Σ+c (1/2
+) + π0
]
+ 2× Γ
[
Λ+c (1/2
−)→ Σ++c (1/2
+) + π− → Λ+c (1/2
+) + π+ + π−
]
,
(b) Γ
[
Λc(3/2
−)→ Σ∗c(3/2
+) + π → Λc(1/2
+) + π + π
]
(40)
= 3× Γ
[
Λ+c (3/2
−)→ Σ∗++c (3/2
+) + π− → Λ+c (1/2
+) + π+ + π−
]
,
(c) Γ
[
Ξc(1/2
−)→ Ξc(1/2+) + π
]
=
3
2
× Γ
[
Ξ0c(1/2
−)→ Ξ+c (1/2
+) + π−
]
, (41)
(d) Γ
[
Ξc(1/2
−)→ Λc(1/2+) +K
]
= Γ
[
Ξ0c(1/2
−)→ Λ+c (1/2
+) +K−
]
, (42)
(e) Γ
[
Ξc(1/2
−)→ Ξc(1/2+) + ρ→ Ξc(1/2+) + π + π
]
(43)
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=
3
2
× Γ
[
Ξ0c(1/2
−)→ Ξ+c (1/2
+) + ρ− → Ξ+c (1/2
+) + π0 + π−
]
,
(f) Γ
[
Ξc(1/2
−)→ Ξ′c(1/2
+) + π
]
=
3
2
× Γ
[
Ξ0c(1/2
−)→ Ξ′+c (1/2
+) + π−
]
, (44)
(g) Γ
[
Ξc(3/2
−)→ Ξc(1/2+) + ρ− → Ξc(1/2+) + π + π
]
(45)
=
3
2
× Γ
[
Ξ0c(3/2
−)→ Ξ+c (1/2
+) + ρ− → Ξ+c (1/2
+) + π0 + π−
]
,
(h) Γ
[
Ξc(3/2
−)→ Ξ∗c(3/2
+) + π
]
=
3
2
× Γ
[
Ξ0c(3/2
−)→ Ξ∗+c (3/2
+) + π−
]
, (46)
which can be calculated through the following Lagrangians
(a) LΛc[ 12
−]→Σcpi = gΛ+c [ 12−]→Σ++c pi−Λ¯
+
c (1/2
−
)Σ++c π
− + · · · ,
(b) LΛc[ 32
−]→Σ∗cpi = gΛ+c [ 32−]→Σ∗++c pi−Λ¯
+
cµ(3/2
−
)Σ∗++cµ π
− + · · · ,
(c) LΞc[ 12
−]→Ξcpi = gΞ0c[ 12−]→Ξ+c pi−Ξ¯
0
c(1/2
−)Ξ+c π
− + · · · ,
(d) LΞc[ 12
−]→ΛcK = gΞ0c[ 12−]→Λ+c K−Ξ¯
0
c(1/2
−
)Λ+c K
− + · · · , (47)
(e) LΞc[ 12
−]→Ξcρ = gΞ0c[ 12−]→Ξ+c ρ− Ξ¯
0
c(1/2
−)γµγ5Ξ+c ρ
−
µ + · · · ,
(f) LΞc[ 12
−]→Ξ′cpi = gΞ0c[ 12−]→Ξ′+c pi−Ξ¯
0
c(1/2
−
)Ξ′+c π
− + · · · ,
(g) LΞc[ 32
−]→Ξcρ = gΞ0c[ 32−]→Ξ+c ρ− Ξ¯
0
cµ(3/2
−)Ξ+c ρ
−
µ + · · · ,
(h) LΞc[ 32
−]→Ξ∗cpi = gΞ0c[ 32−]→Ξ∗+c pi−Ξ¯
0
cµ(3/2
−
)Ξ∗+cµ π
− + · · · .
We note that the mass of the Λc(2595) is above the threshold of Σ
+
c π
0 but below the thresholds of Σ++c π
− and Σ0cπ
+,
so we evaluate both its two-body decay Λc(2595) → Σ
+
c π
0 and three-body decays Λc(2595) → Σ
++
c π
− → Λ+c π
+π−
and Λc(2595)→ Σ
0
cπ
+ → Λ+c π
+π−, using [2]:
Σ++,0c : m ≈ 2453.86 MeV , Σ
+
c : m = 2452.9 MeV ,
π± : m = 139.57 MeV , π0 : m = 134.98 MeV .
Besides these channels, we also assume masses of the Λc(5/2
−) and Ξc(5/2−) to be around
Λc(5/2
−
) : m ∼ 2850 MeV , (48)
Ξc(5/2
−) : m ∼ 3000 MeV ,
so that the following decay channels are kinematically allowed
(i) Γ
[
Λc(5/2
−)→ Σ∗c(3/2
+) + ρ→ Σ∗c(3/2
+) + π + π
]
(49)
= 3× Γ
[
Λ+c (5/2
−)→ Σ∗++c (3/2
+) + ρ− → Σ∗++c (3/2
+) + π0 + π−
]
,
(j) Γ
[
Ξc(5/2
−)→ Ξ∗c(3/2
+) + ρ→ Ξ∗c(3/2
+) + π + π
]
(50)
=
3
2
× Γ
[
Ξ0c(5/2
−)→ Ξ∗+c (3/2
+) + ρ− → Ξ∗+c (3/2
+) + π0 + π−
]
,
and can be calculated through the following Lagrangians
(i) LΛc[ 52
−]→Σ∗cρ = gΛ+c [ 52−]→Σ∗++c ρ− Λ¯
+
cµν(5/2
−)Σ∗++cµ ρ
−
ν + · · · , (51)
(j) LΞc[ 52
−]→Ξ∗cρ = gΞ0c[ 52−]→Ξ∗+c ρ−Ξ¯
0
cµν(5/2
−
)Ξ∗+cµ ρ
−
ν + · · · .
As an example, we shall first study the S-wave decay of the Ξ0c(1/2
−
) belonging to [3¯F , 1, 1, ρ] into Ξ
′+
c (1/2
+)
and π−(0−) in the next subsection, and then separately investigate the four charmed baryon multiplets of flavor 3¯F ,
[3¯F , 0, 1, ρ], [3¯F , 1, 1, ρ], [3¯F , 2, 1, ρ] and [3¯F , 1, 0, λ], in the following subsections.
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A. Ξ0c(1/2
−) of [3¯F , 1, 1, ρ] decaying into Ξ
′+
c (1/2
+) and π−(0−)
As an example, we evaluate the following three-point correlation function to study the S-wave decay of the Ξ0c(1/2
−
)
belonging to [3¯F , 1, 1, ρ] into Ξ
′+
c (1/2
+) and π−(0−):
Π(ω, ω′) =
∫
d4xe−ik·x〈0|J1/2,−,Ξ0c,1,1,ρ(0)J¯Ξ′+c (x)|π
−〉 (52)
=
1 + v/
2
GΞ0c [ 12
−]→Ξ′+c pi−(ω, ω
′) ,
where
k′ = k + q , ω′ = v · k′ , ω = v · k . (53)
The currents J1/2,−,Ξ0c,1,1,ρ and JΞ′+c have been defined in Eqs. (25) and (10), and couple to Ξ
0
c(1/2
−
) belonging to
[3¯F , 1, 1, ρ] and Ξ
′+
c (1/2
+), respectively. The function GΞ0c [ 12
−]→Ξ′+c pi− has the following pole terms at the hadronic
level from double dispersion relation:
GΞ0c[ 12
−]→Ξ′+c pi−(ω, ω
′) = gΞ0c[ 12−]→Ξ′+c pi− ×
fΞ0c[ 12
−]fΞ′+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
+
c′
Λ¯Ξ0c[ 12
−] − ω
′ +
c
Λ¯Ξ′+c − ω
, (54)
where the S-wave coupling constants gΞ0c[ 12
−]→Ξ′+c pi− is defined through the following Lagrangian
LΞc[ 12
−]→Ξ′cpi = gΞ0c[ 12−]→Ξ′+c pi−Ξ¯
0
c(1/2
−
)Ξ′+c π
− + · · · . (55)
c and c′ in Eq. (54) are free parameters which can be suppressed by the Borel transformation. The three-point
correlation function Π(ω, ω′) can also be calculated at the quark-gluon level using the QCD operator product expansion
(in our calculations we have used the software Mathematica with the FeynCalc package [115]):
GΞ0c[ 12
−]→Ξ′+c pi−(ω, ω
′) = gΞ0c[ 12−]→Ξ′+c pi− ×
fΞ0c[ 12
−]fΞ′+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
(56)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(3ifpiv · q
2π2t4
φ2;pi(u) +
3ifpiv · q
32π2t2
φ4;pi(u) +
3ifpi
2π2t4v · q
ψ4;pi(u)
+
ifpim
2
piv · q
24(mu +md)
〈s¯s〉φσ3;pi(u) +
ifpim
2
pit
2v · q
384(mu +md)
〈gss¯σGs〉φ
σ
3;pi(u) +
ifpim
2
piv · q
8π2t2(mu +md)
msφ
σ
3;pi(u)
+
ifpiv · q
16
ms〈s¯s〉φ2;pi(u) +
ifpit
2v · q
256
ms〈s¯s〉φ4;pi(u) +
ifpi
16v · q
ms〈s¯s〉ψ4;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
3ifpiv · q
8π2t2
Φ4;pi(α)−
ifpiv · q
4π2t2
Ψ4;pi(α) +
ifpiv · q
8π2t2
Φ˜4;pi(α) +
ifpiv · q
4π2t2
Ψ˜4;pi(α) +
ifpiuv · q
4π2t2
Φ4;pi(α) +
ifpiuv · q
2π2t2
Ψ4;pi(α)
)
,
which contains many light-cone distribution amplitudes, whose definitions and explicit forms can be found in Refs. [89–
96]. As examples, we list the light-cone distribution amplitudes of the K meson in Appendix B. Their values can also
be found in these references, and in the present study we work at the renormalization scale 1 GeV. The condensates
contained in this sum rules take the following values [2, 116–123]:
〈q¯q〉 = −(0.24 GeV)3 ,
〈s¯s〉 = (0.8± 0.1)× 〈q¯q〉 ,
〈g2sGG〉 = (0.48± 0.14) GeV
4 , (57)
〈gsq¯σGq〉 = M
2
0 × 〈q¯q〉 ,
〈gss¯σGs〉 =M
2
0 × 〈s¯s〉 ,
M20 = 0.8 GeV
2 .
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After Wick rotations and making double Borel transformation with the variables ω and ω′ to be T1 and T2, we obtain
gΞ0c[ 12
−]→Ξ′+c pi−fΞ0c[ 12−]fΞ′+c e
−
Λ¯
Ξ0c [
1
2
−
]
T1 e
−
Λ¯
Ξ
′+
c
T2 (58)
= 4×
(
−
3fpi
2π2
T 6f5(
ωc
T
)
dφ2;pi(u0)
du
+
3fpi
32π2
T 4f3(
ωc
T
)
dφ4;pi(u0)
du
−
3fpi
2π2
T 4f3(
ωc
T
)
∫ u0
0
ψ4;pi(u)du
−
fpim
2
pi
24(mu +md)
〈s¯s〉T 2f1(
ωc
T
)
dφσ3;pi(u0)
du
+
fpim
2
pi
384(mu +md)
〈gss¯σGs〉
dφσ3;pi(u0)
du
+
fpim
2
pims
8π2(mu +md)
T 4f3(
ωc
T
)
dφσ3;pi(u0)
du
−
fpims
16
〈s¯s〉T 2f1(
ωc
T
)
dφ2;pi(u0)
du
+
fpims
256
〈s¯s〉
dφ4;pi(u0)
du
−
fpims
16
〈s¯s〉
dψ4;pi(u0)
du
)
+
∫ u0
0
dα2 ×
fpi
2π2α3
T 4f3(
ωc
T
)×
(
3Φ4;pi(α)− 2Ψ4;pi(α) + Φ˜4;pi(α) + 2Ψ˜4;pi(α)
)∣∣∣
α1=u0,α3=1−u0−α2
−
∫ u0
0
dα1 ×
fpi
2π2α3
T 4f3(
ωc
T
)×
(
3Φ4;pi(α)− 2Ψ4;pi(α) + Φ˜4;pi(α) + 2Ψ˜4;pi(α)
)∣∣∣
α2=u0,α3=1−u0−α1
+
∫ u0
0
dα2 ×
fpi
π2α3
T 4f3(
ωc
T
)×
(
Φ4;pi(α) + 2Ψ4;pi(α)
)∣∣∣
α1=u0,α3=1−u0−α2
−
∫ u0
0
dα2
∫ 1−α2
u0−α2
dα3 ×
fpi
π2α23
T 4f3(
ωc
T
)×
(
Φ4;pi(α) + 2Ψ4;pi(α)
)∣∣∣
α1=u0
,
where u0 =
T1
T1+T2
, T = T1T2T1+T2 and fn(x) = 1− e
−x∑n
k=0
xk
k! .
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FIG. 1: The coupling constant g
Ξ0c[
1
2
−
]→Ξ′+c pi
−
as a function of the Borel mass T . The current J1/2,−,Ξ0c ,1,1,ρ belonging to the
baryon doublet [3¯F , 1, 1, ρ] is used here.
We work at the symmetric point T1 = T2 = 2T , so u0 = 1/2. Now the coupling constant gΞ0c[ 12
−]→Ξ′+c pi− only
depends on two free parameters, the threshold value ωc and the Borel mass T . After choosing ωc = 1.60 GeV (the
average of the thresholds of the Ξc(1/2
−) and Ξ′+c mass sum rules), we show gΞ0c[ 12−]→Ξ′+c pi− as a function of T in
Fig. 1. The working region for T has been reevaluated and listed in Table II to be 0.27 GeV < T < 0.32 GeV, where
we obtain
(f) gΞ0c[ 12
−]→Ξ′+c pi− = 0.21
+0.15
−0.07 = 0.21
+0.03
−0.01
+0.06
−0.04
+0.13
−0.06
+0.00
−0.00 . (59)
Using this value and the parameters listed in Sec. II, we further obtain
(f) ΓΞ0c[ 12
−]→Ξ′+c pi− = 1.6
+2.7
−0.9 MeV = 1.6
+0.5
−0.1
+1.0
−0.5
+2.5
−0.8
+0.00
−0.00 MeV , (60)
where the uncertainties mainly come from the Borel mass (0.27 GeV < T < 0.32 GeV), the parameters of the Ξ′+c(
ωΞ′+c = 1.4± 0.1 GeV, ΛΞ′+c = 1.042± 0.080 GeV, and fΞ′+c = 0.0435± 0.0080 GeV
3
)
, the parameters of the Ξ0c [
1
2
−
]
13
(
ωΞ0c[ 12
−] = 1.8 ± 0.1 GeV, ΛΞ0c[ 12
−] = 1.349 ± 0.130 GeV, and fΞ0c[ 12
−] = 0.0788 ± 0.0280 GeV
4
)
, and various quark
masses and condensates listed in Eq. (57), respectively. We note that the O(1/mQ) corrections (mQ is the heavy
quark mass) have not not considered in the present study, which can cause some theoretical uncertainties (but the
O(1/mQ) corrections to the masses of the heavy baryons have been taken into account in Refs. [50–53]). Totally, the
results can be three times larger or smaller than those we have obtained, i.e., ΓΞ0c[ 12
−]→Ξ′+c pi− = 1.6
+200%
−67% MeV. We
shall not estimate the uncertainties of other coupling constants, but just note that their uncertainties are at the same
level.
Following these procedures, we separately investigate the four multiplets of flavor 3¯F , [3¯F , 0, 1, ρ], [3¯F , 1, 1, ρ],
[3¯F , 2, 1, ρ] and [3¯F , 1, 0, λ], in the following subsections.
B. The baryon singlet [3¯F , 0, 1, ρ]
The [3¯F , 0, 1, ρ] multiplet contains Λc(
1
2
−
) and Ξc(
1
2
−
). Their sum rules are listed in Appendix C 1, suggesting that
their possible decay channels are (c) and (d), while the other three channels (a), (e) and (f) vanish. We show the two
coupling constants, gΞ0c[ 12
−]→Ξ+c pi− and gΞ0c[ 12−]→Λ+c K− , as functions of the Borel mass T in Fig. 2. Using the values of
T listed in Table II, we obtain
(c) gΞ0c[ 12
−]→Ξ+c pi− = 2.3 , (61)
(d) gΞ0c[ 12
−]→Λ+c K− = 2.7 .
Using these values and the parameters listed in Sec. II, we further obtain
(c) ΓΞc[ 12
−]→Ξcpi = 300 MeV , (62)
(d) ΓΞc[ 12
−]→ΛcK = 82 MeV .
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FIG. 2: The coupling constants g
Ξ0c [
1
2
−
]→Ξ+c pi
−
and g
Ξ0c [
1
2
−
]→Λ+c K
−
as functions of the Borel mass T . The currents belonging
to the baryon singlet [3¯F , 0, 1, ρ] are used here.
C. The baryon doublet [3¯F , 1, 1, ρ]
The [3¯F , 1, 1, ρ] multiplet contains Λc(
1
2
−
/ 32
−
) and Ξc(
1
2
−
/ 32
−
). Their sum rules are listed in Appendix C 2, sug-
gesting that their possible decay channels are (a), (b), (e), (f), (g) and (h), while the other two channels (c) and
(d) vanish. We show the six coupling constants, gΛ+c [ 12
−]→Σ++c pi− , gΞ0c[ 12−]→Ξ′+c pi− , gΛ+c [ 32−]→Σ∗++c pi− , gΞ0c[ 32−]→Ξ∗+c pi− ,
gΞ0c[ 12
−]→Ξ+c ρ− and gΞ0c[ 32−]→Ξ+c ρ− , as functions of the Borel mass T in Fig. 3. Using the values of T listed in Table II,
we obtain
(a) gΛ+c [ 12
−]→Σ++c pi− = 0.25 ,
14
(f) gΞ0c[ 12
−]→Ξ′+c pi− = 0.21 ,
(b) gΛ+c [ 32
−]→Σ∗++c pi− = 0.033 , (63)
(h) gΞ0c[ 32
−]→Ξ∗+c pi− = 0.024 ,
(e) gΞ0c[ 12
−]→Ξ+c ρ− = 0.11 ,
(g) gΞ0c[ 32
−]→Ξ+c ρ− = 0.074 .
Using these values and the parameters listed in Sec. II, we further obtain
(a, a′) ΓΛc[ 12−]→Σcpi(→Λpipi) = 0.39 MeV ,
(f) ΓΞc[ 12
−]→Ξ′cpi = 1.6 MeV ,
(b) ΓΛc[ 32
−]→Σ∗cpi→Λcpipi = 4× 10
−4 MeV , (64)
(h) ΓΞc[ 32
−]→Ξ∗cpi = 0.01 MeV ,
(e) ΓΞc[ 12
−]→Ξcρ→Ξcpipi = 3× 10
−5 MeV ,
(g) ΓΞc[ 32
−]→Ξcρ→Ξcpipi = 5× 10
−5 MeV .
D. The baryon doublet [3¯F , 2, 1, ρ]
The [3¯F , 2, 1, ρ] multiplet contains Λc(
3
2
−
/ 52
−
) and Ξ+c (
3
2
−
/ 52
−
). Their sum rules are listed in Appendix C 3,
suggesting that their possible decay channels are (b), (h), (i) and (j), while the other channel (g) vanishes. We show
the four coupling constants, gΛ+c [ 32
−]→Σ∗++c pi− , gΞ0c[ 32−]→Ξ∗+c pi− , gΛ+c [ 52−]→Σ∗++c ρ− and gΞ0c[ 52−]→Ξ∗+c ρ− , as functions of
the Borel mass T in Fig. 4. Using the values of T listed in Table II, we obtain
(b) gΛ+c [ 32
−]→Σ∗++c pi− = 0.25 ,
(h) gΞ0c[ 32
−]→Ξ∗+c pi− = 0.17 , (65)
(i) gΛ+c [ 52
−]→Σ∗++c ρ− = 2.3 ,
(j) gΞ0c[ 52
−]→Ξ∗+c ρ− = 2.0 .
Using these values and the parameters listed in Sec. II, we further obtain
(b) ΓΛc[ 32
−]→Σ∗cpi→Λcpipi = 0.03 MeV ,
(h) ΓΞc[ 32
−]→Ξ∗cpi = 0.69 MeV , (66)
(i) ΓΛc[ 52
−]→Σ∗cρ→Σ∗cpipi = 11 MeV ,
(j) ΓΞc[ 52
−]→Ξ∗cρ→Ξ∗cpipi = 12 MeV .
We note that the two decay widths, ΓΛc[ 52
−]→Σ∗cρ and ΓΞc[ 52−]→Ξ∗cρ, do depend significantly on the masses of the
Λc(5/2
−
) and Ξc(5/2
−
), which we assumed to be around 2850 MeV and 3000 MeV in Eqs. (48). Because their
physical masses (if exist) are possibly smaller than these values, these two decay channels might be kinematically
forbidden.
E. The baryon doublet [3¯F , 1, 0, λ]
The [3¯F , 1, 0, λ] multiplet contains Λc(
1
2
−
/ 32
−
) and Ξc(
1
2
−
/ 32
−
). Their sum rules are listed in Appendix C4, sug-
gesting that their possible decay channels are (a), (b), (e), (f), (g) and (h), while the other two channels (c) and
(d) vanish. We show the six coupling constants, gΛ+c [ 12
−]→Σ++c pi− , gΞ0c[ 12−]→Ξ′+c pi− , gΛ+c [ 32−]→Σ∗++c pi− , gΞ0c[ 32−]→Ξ∗+c pi− ,
gΞ0c[ 12
−]→Ξ+c ρ− and gΞ0c[ 32−]→Ξ+c ρ− , as functions of the Borel mass T in Fig. 5. Using the values of T listed in Table II,
we obtain
(a) gΛ+c [ 12
−]→Σ++c pi− = 2.3 ,
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FIG. 3: The coupling constants g
Λ
+
c [
1
2
−
]→Σ
++
c pi−
(top-left), g
Ξ0c[
1
2
−
]→Ξ
′+
c pi−
(top-right), g
Λ
+
c [
3
2
−
]→Σ
∗++
c pi−
(middle-left),
g
Ξ0c[
3
2
−
]→Ξ∗+c pi−
(middle-right), g
Ξ0c[
1
2
−
]→Ξ+c ρ−
(bottom-left) and g
Ξ0c[
3
2
−
]→Ξ+c ρ−
(bottom-right) as functions of the Borel mass
T . The currents belonging to the baryon doublet [3¯F , 1, 1, ρ] are used here.
(f) gΞ0c[ 12
−]→Ξ′+c pi− = 1.7 ,
(b) gΛ+c [ 32
−]→Σ∗++c pi− = 1.5 , (67)
(h) gΞ0c[ 32
−]→Ξ∗+c pi− = 1.2 ,
(e) gΞ0c[ 12
−]→Ξ+c ρ− = 4.5 ,
(g) gΞ0c[ 32
−]→Ξ+c ρ− = 5.2 .
Using these values and the parameters listed in Sec. II, we further obtain
(a, a′) ΓΛc[ 12−]→Σcpi(→Λpipi) = 32 MeV ,
(f) ΓΞc[ 12
−]→Ξ′cpi = 100 MeV ,
(b) ΓΛc[ 32
−]→Σ∗cpi→Λcpipi = 0.96 MeV , (68)
(h) ΓΞc[ 32
−]→Ξ∗cpi = 30 MeV ,
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FIG. 4: The coupling constants g
Λ+c [
3
2
−
]→Σ∗++c pi
−
(top-left), g
Ξ0c[
3
2
−
]→Ξ∗+c pi
−
(top-right), g
Λ+c [
5
2
−
]→Σ∗++c ρ
−
(bottom-left) and
g
Ξ0c[
5
2
−
]→Ξ∗+c ρ
−
(bottom-right) as functions of the Borel mass T . The currents belonging to the baryon doublet [3¯F , 2, 1, ρ] are
used here.
(e) ΓΞc[ 12
−]→Ξcρ→Ξcpipi = 0.04 MeV ,
(g) ΓΞc[ 32
−]→Ξcρ→Ξcpipi = 0.23 MeV .
IV. DECAY PROPERTIES OF FLAVOR 6F P -WAVE CHARMED BARYONS
In this section we use the method of light-cone QCD sum rules to study decay properties of the flavor 6F P -
wave charmed baryons. We only study their S-wave decays into ground-state charmed baryons accompanied by a
pseudoscalar meson (π or K), including both two-body and three-body decays which are kinematically allowed. We
shall study their S-wave decays into ground-state charmed baryons accompanied by a vector meson (ρ or K∗) in our
future work, but note that the widths of these decays are probably quite small (see the results of the flavor 3¯F P -wave
charmed baryons).
The possible decay channels are:
(k) Γ
[
Σc(1/2
−)→ Λc(1/2+) + π
]
= Γ
[
Σ0c(1/2
−)→ Λ+c (1/2
+) + π−
]
, (69)
(l) Γ
[
Σc(1/2
−)→ Σc(1/2+) + π
]
= 2× Γ
[
Σ0c(1/2
−)→ Σ+c (1/2
+) + π−
]
, (70)
(m) Γ
[
Ξ′c(1/2
−)→ Ξc(1/2+) + π
]
=
3
2
× Γ
[
Ξ′0c (1/2
−)→ Ξ+c (1/2
+) + π−
]
, (71)
(n) Γ
[
Ξ′c(1/2
−)→ Λc(1/2+) +K
]
= Γ
[
Ξ′0c (1/2
−)→ Λ+c (1/2
+) +K−
]
, (72)
(o) Γ
[
Ξ′c(1/2
−)→ Ξ′c(1/2
+) + π
]
=
3
2
× Γ
[
Ξ′0c (1/2
−)→ Ξ′+c (1/2
+) + π−
]
, (73)
(p) Γ
[
Ξ′c(1/2
−)→ Σc(1/2+) +K
]
= 3× Γ
[
Ξ′0c (1/2
−)→ Σ+c (1/2
+) +K−
]
, (74)
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FIG. 5: The coupling constants g
Λ
+
c [
1
2
−
]→Σ
++
c pi−
(top-left), g
Ξ0c[
1
2
−
]→Ξ
′+
c pi−
(top-right), g
Λ
+
c [
3
2
−
]→Σ
∗++
c pi−
(middle-left),
g
Ξ0c[
3
2
−
]→Ξ∗+c pi−
(middle-right), g
Ξ0c[
1
2
−
]→Ξ+c ρ−
(bottom-left) and g
Ξ0c[
3
2
−
]→Ξ+c ρ−
(bottom-right) as functions of the Borel mass
T . The currents belonging to the baryon doublet [3¯F , 1, 0, λ] are used here.
(q) Γ
[
Ωc(1/2
−)→ Ξc(1/2+) +K
]
= 2× Γ
[
Ω0c(1/2
−)→ Ξ+c (1/2
+) +K−
]
, (75)
(r) Γ
[
Ωc(1/2
−)→ Ξ′c(1/2
+) +K
]
= 2× Γ
[
Ω0c(1/2
−)→ Ξ′+c (1/2
+) +K−
]
, (76)
(s) Γ
[
Σc(3/2
−)→ Σ∗c(3/2
+) + π
]
= 2× Γ
[
Σ0c(3/2
−)→ Σ∗+c (3/2
+) + π−
]
, (77)
(t) Γ
[
Ξ′c(3/2
−)→ Ξ∗c(3/2
+) + π
]
=
3
2
× Γ
[
Ξ′0c (3/2
−)→ Ξ∗+c (3/2
+) + π−
]
. (78)
(u) Γ
[
Ξ′c(3/2
−)→ Σ∗c(3/2
+) +K → Λc(1/2
+) + π +K
]
(79)
= 3× Γ
[
Ξ′0c (3/2
−)→ Σ∗+c (3/2
+) +K− → Λ+c (3/2
+) + π0 +K−
]
.
(v) Γ
[
Ωc(3/2
−)→ Ξ∗c(3/2
+) +K → Ξc(1/2
+) + π +K
]
(80)
18
= 6× Γ
[
Ω0c(3/2
−)→ Ξ∗+c (3/2
+) +K− → Ξ+c (1/2
+) + π0 +K−
]
.
Their widths can be simply calculated through the two Lagrangians LX(1/2−)→Y (1/2+)P = gX¯Y P and
LX(3/2−)→Y (3/2+)P = gX¯µYµP . Especially, we assume the mass of the Ωc(3/2
−) state to be 3120 MeV in the
case (v) in order to make this decay channel kinematically allowed, but still use 3100 MeV for other cases.
In the following subsections, we shall separately investigate the four P -wave charmed baryon multiplets of flavor
6F , [6F , 1, 0, ρ], [6F , 0, 1, λ], [6F , 1, 1, λ] and [6F , 2, 1, λ].
A. The baryon doublet [6F , 1, 0, ρ]
The [6F , 1, 0, ρ] multiplet contains Σc(
1
2
−
/ 32
−
), Ξ′c(
1
2
−
/ 32
−
) and Ωc(
1
2
−
/ 32
−
). Their sum rules are listed in Ap-
pendix C 5, suggesting that their possible decay channels are (l), (o), (p), (r), (s), (t), (u) and (v), while the other
four channels (k), (m), (n) and (q) vanish. We show the eight coupling constants, gΣ0c [ 12
−]→Σ+c pi− , gΞ′0c [ 12−]→Ξ′+c pi− ,
gΞ′0c [ 12
−]→Σ+c K− , gΩ0c[ 12−]→Ξ′+c K− , gΣ0c[ 32−]→Σ∗+c pi− , gΞ′0c [ 32−]→Ξ∗+c pi− , gΞ′0c [ 32−]→Σ∗+c K− and gΩ0c[ 32−]→Ξ∗+c K− , as functions
of the Borel mass T in Fig. 6. Using the values of T listed in Table III, we obtain
(l) gΣ0c [ 12
−]→Σ+c pi− = 1.9 ,
(o) gΞ′0c [ 12
−]→Ξ′+c pi− = 1.4 ,
(p) gΞ′0c [ 12
−]→Σ+c K− = 1.7 ,
(r) gΩ0c [ 12
−]→Ξ′+c K− = 2.5 , (81)
(s) gΣ0c [ 32
−]→Σ∗+c pi− = 1.3 ,
(t) gΞ′0c [ 32
−]→Ξ∗+c pi− = 0.95 ,
(u) gΞ′0c [ 32
−]→Σ∗+c K− = 1.1 ,
(v) gΩ0c [ 32
−]→Ξ∗+c K− = 1.7 .
Using these values and the parameters listed in Sec. II, we further obtain
(l) ΓΣc[ 12
−]→Σcpi = 300 MeV ,
(o) ΓΞ′c[ 12
−]→Ξ′cpi = 140 MeV ,
(p) ΓΞ′c[ 12
−]→ΣcK = 29 MeV ,
(r) ΓΩc[ 12
−]→Ξ′cK = 250 MeV , (82)
(s) ΓΣc[ 32
−]→Σ∗cpi = 110 MeV ,
(t) ΓΞ′c[ 32
−]→Ξ∗cpi = 50 MeV ,
(u) ΓΞ′c[ 32
−]→Σ∗cK→ΛcpiK = 0.03 MeV ,
(v) ΓΩc[ 32
−]→Ξ∗cK→ΞcpiK = 0.07 MeV .
B. The baryon doublet [6F , 0, 1, λ]
The [6F , 0, 1, λ] multiplet contains Σc(
1
2
−
), Ξ′c(
1
2
−
) and Ωc(
1
2
−
). Their sum rules are listed in Appendix C 6,
suggesting that their possible decay channels are (k), (m), (n) and (q), while the other four channels (l), (o), (p) and
(r) vanish. We show the four coupling constants, gΣ0c[ 12
−]→Λ+c pi− , gΞ′0c [ 12−]→Ξ+c pi− , gΞ′0c [ 12−]→Λ+c K− and gΩ0c[ 12−]→Ξ+c K− ,
as functions of the Borel mass T in Fig. 7. Using the values of T listed in Table III, we obtain
(k) gΣ0c[ 12
−]→Λ+c pi− = 1.8 ,
(m) gΞ′0c [ 12
−]→Ξ+c pi− = 1.7 , (83)
(n) gΞ′0c [ 12
−]→Λ+c K− = 1.8 ,
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FIG. 6: The coupling constants g
Σ0c [
1
2
−
]→Σ+c pi−
(top-left), g
Ξ′0c [
1
2
−
]→Ξ′+c pi−
(top-right), g
Ξ′0c [
1
2
−
]→Σ+c K−
(middle-left),
g
Ω0c[
1
2
−
]→Ξ′+c K
−
(middle-right), g
Σ0c[
3
2
−
]→Σ∗+c pi
−
(middle-left), g
Ξ′0c [
3
2
−
]→Ξ∗+c pi
−
(middle-right), g
Ξ′0c [
3
2
−
]→Σ∗+c K
−
(bottom-left)
and g
Ω0c[
3
2
−
]→Ξ∗+c K−
(bottom-right) as functions of the Borel mass T . The currents belonging to the baryon doublet [6F , 1, 0, ρ]
are used here.
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(q) gΩ0c[ 12
−]→Ξ+c K− = 3.0 .
Using these values and the parameters listed in Sec. II, we further obtain
(k) ΓΣc[ 12
−]→Λcpi = 200 MeV ,
(m) ΓΞ′c[ 12
−]→Ξcpi = 230 MeV , (84)
(n) ΓΞ′c[ 12
−]→ΛcK = 160 MeV ,
(q) ΓΩc[ 12
−]→ΞcK = 820 MeV .
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FIG. 7: The coupling constants g
Σ0c[
1
2
−
]→Λ+c pi−
(top-left), g
Ξ′0c [
1
2
−
]→Ξ+c pi−
(top-right), g
Ξ′0c [
1
2
−
]→Λ+c K−
(bottom-left) and
g
Ω0c[
1
2
−
]→Ξ+c K
−
(bottom-right) as functions of the Borel mass T . The currents belonging to the baryon doublet [6F , 0, 1, λ]
are used here.
C. The baryon doublet [6F , 1, 1, λ]
The [6F , 1, 1, λ] multiplet contains Σc(
1
2
−
/ 32
−
), Ξ′c(
1
2
−
/ 32
−
) and Ωc(
1
2
−
/ 32
−
). Their sum rules are listed in Ap-
pendix C 7, suggesting that their possible decay channels are (l), (o), (p), (r), (s), (t), (u) and (v), while the other
four channels (k), (m), (n) and (q) vanish. We show the eight coupling constants, gΣ0c [ 12
−]→Σ+c pi− , gΞ′0c [ 12−]→Ξ′+c pi− ,
gΞ′0c [ 12
−]→Σ+c K− , gΩ0c[ 12−]→Ξ′+c K− , gΣ0c[ 32−]→Σ∗+c pi− , gΞ′0c [ 32−]→Ξ∗+c pi− , gΞ′0c [ 32−]→Σ∗+c K− and gΩ0c[ 32−]→Ξ∗+c K− , as functions
of the Borel mass T in Fig. 8. Using the values of T listed in Table III, we obtain
(l) gΣ0c [ 12
−]→Σ+c pi− = 0.31 ,
(o) gΞ′0c [ 12
−]→Ξ′+c pi− = 0.23 ,
(p) gΞ′0c [ 12
−]→Σ+c K− = 0.59 ,
(r) gΩ0c [ 12
−]→Ξ′+c K− = 0.85 , (85)
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(s) gΣ0c [ 32
−]→Σ∗+c pi− = 0.12 ,
(t) gΞ′0c [ 32
−]→Ξ∗+c pi− = 0.09 ,
(u) gΞ′0c [ 32
−]→Σ∗+c K− = 0.056 ,
(v) gΩ0c [ 32
−]→Ξ∗+c K− = 0.064 .
Using these values and the parameters listed in Sec. II, we further obtain
(l) ΓΣc[ 12
−]→Σcpi = 7.9 MeV ,
(o) ΓΞ′c[ 12
−]→Ξ′cpi = 3.7 MeV ,
(p) ΓΞ′c[ 12
−]→ΣcK = 3.6 MeV ,
(r) ΓΩc[ 12
−]→Ξ′cK = 29 MeV , (86)
(s) ΓΣc[ 32
−]→Σ∗cpi = 0.95 MeV ,
(t) ΓΞ′c[ 32
−]→Ξ∗cpi = 0.45 MeV ,
(u) ΓΞ′c[ 32
−]→Σ∗cK→ΛcpiK = 7× 10
−5 MeV ,
(v) ΓΩc[ 32
−]→Ξ∗cK→ΞcpiK = 1× 10
−4 MeV .
D. The baryon doublet [6F , 2, 1, λ]
The [6F , 2, 1, λ] multiplet contains Σc(
3
2
−
/ 52
−
), Ξ′c(
3
2
−
/ 52
−
) and Ωc(
3
2
−
/ 52
−
). Their sum rules are listed in Ap-
pendix C 8, suggesting that their possible decay channels are (s), (t), (u) and (v). We show the four coupling
constants, gΣ0c [ 32
−]→Σ∗+c pi− , gΞ′0c [ 32−]→Ξ∗+c pi− , gΞ′0c [ 32−]→Σ∗+c K− and gΩ0c[ 32−]→Ξ∗+c K− , as functions of the Borel mass T in
Fig. 9. Using the values of T listed in Table III, we obtain
(s) gΣ0c [ 32
−]→Σ∗+c pi− = 0.005 ,
(t) gΞ′0c [ 32
−]→Ξ∗+c pi− = 0.004 , (87)
(u) gΞ′0c [ 32
−]→Σ∗+c K− = 0.013 ,
(v) gΩ0c [ 32
−]→Ξ∗+c K− = 0.019 .
Using these values and the parameters listed in Sec. II, we further obtain
(s) ΓΣc[ 32
−]→Σ∗cpi = 1× 10
−3 MeV ,
(t) ΓΞ′c[ 32
−]→Ξ∗cpi = 7× 10
−4 MeV , (88)
(u) ΓΞ′c[ 32
−]→Σ∗cK→ΛcpiK = 3× 10
−6 MeV ,
(v) ΓΩc[ 32
−]→Ξ∗cK→ΞcpiK = 9× 10
−6 MeV .
V. SUMMARY AND DISCUSSIONS
To summarize this paper, we have used the method of light-cone QCD sum rules to study the decay properties of
the P -wave charmed baryons. Firstly we summarize our results on the flavor 3¯F P -wave charmed baryons. We have
studied their S-wave decays into ground-state charmed baryons accompanied by a pseudoscalar meson (π or K) or a
vector meson (ρ or K∗), including both two-body and three-body decays which are kinematically allowed. The results
are listed in Table IV, where the possible decay channels are: (a) Λc[
1
2
−
]→ Σcπ(→ Λcππ), (b) Λc[
3
2
−
]→ Σ∗cπ → Λcππ,
(c) Ξc[
1
2
−
] → Ξcπ, (d) Ξc[
1
2
−
] → ΛcK, (e) Ξc[
1
2
−
] → Ξcρ → Ξcππ, (f) Ξc[
1
2
−
] → Ξ′cπ, (g) Ξc[
3
2
−
] → Ξcρ → Ξcππ,
(h) Ξc[
3
2
−
] → Ξ∗cπ, (i) Λc[
5
2
−
] → Σ∗cρ → Σ
∗
cππ, and (j) Ξc[
5
2
−
] → Ξ∗cρ → Ξ
∗
cππ. We note that the uncertainties can
be as large as Γ+200%−67% .
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TABLE IV: Non-vanishing decay widths of the flavor 3¯F P -wave charmed baryons, in units of MeV. The two mass values
with ∗ are our assumptions, so that the decay channels (i) and (j) are kinematically allowed. The possible decay channels are:
(a) Λc[
1
2
−
]→ Σcπ(→ Λcππ), (b) Λc[ 32
−
]→ Σ∗cπ → Λcππ, (c) Ξc[ 12
−
]→ Ξcπ, (d) Ξc[ 12
−
]→ ΛcK, (e) Ξc[ 12
−
]→ Ξcρ→ Ξcππ,
(f) Ξc[
1
2
−
] → Ξ′cπ, (g) Ξc[ 32
−
] → Ξcρ → Ξcππ, (h) Ξc[ 32
−
] → Ξ∗cπ, (i) Λc[ 52
−
] → Σ∗cρ → Σ∗cππ, and (j) Ξc[ 52
−
] → Ξ∗cρ →
Ξ∗cππ. We use the two-body middle/final states to denote them in the table.
Baryon Experiments [2] [3¯F , 0, 1, ρ] [3¯F , 1, 1, ρ] [3¯F , 2, 1, ρ] [3¯F , 1, 0, λ] Mix-|B1〉 Mix-|B2〉
Λc(2595)
JP = 1
2
−
ΓΛc(2595) = 2.59[
Σ++,0c π
∓
]
: 48%
[Λcππ]3body : 18%
– [Σcπ] = 0.39 – [Σcπ] = 32
Input: Γ(Σcpi)
Γ(Λc(2595))
= 0.66
θ1 = −20o θ2 = 7o
Ξc(2790)
JP = 1
2
−
Γ
Ξ+c (2790)
< 15
ΓΞ0c(2790) < 12
[Ξ′cπ]2body : seen
[Ξcπ] = 300
[ΛcK] = 82
[Ξ′cπ] = 1.6
[Ξcρ] = 0.00
–
[Ξ′cπ] = 100
[Ξcρ] = 0.04
[Ξ′cπ] = 4.7
[Ξcρ] = 0.00
[Ξ′cπ] = 6.1
[Ξcρ] = 0.00
Λc(2625)
JP = 3
2
−
ΓΛc(2625) < 0.97
[Σcπ]2body < 10%
[Λcππ]3body : large
– [Σ∗cπ] = 0.00 [Σ
∗
cπ] = 0.03 [Σ
∗
cπ] = 0.96 [Σ
∗
cπ] = 0.11 [Σ
∗
cπ] = 0.01
Ξc(2815)
JP = 3
2
−
Γ
Ξ+c (2815)
< 3.5
ΓΞ0c(2815) < 6.5
[Ξcππ]3body : seen
–
[Ξ∗cπ] = 0.01
[Ξcρ] = 0.00
[Ξ∗cπ] = 0.69
[Ξ∗cπ] = 30
[Ξcρ] = 0.23
[Ξ∗cπ] = 3.0
[Ξcρ] = 0.03
[Ξ∗cπ] = 0.59
[Ξcρ] = 0.00
Λc(5/2
−) MΛc(5/2−) ∼ 2850∗ – – [Σ∗cρ] = 11 – – –
Ξc(5/2
−) MΞc(5/2−) ∼ 3000∗ – – [Ξ∗cρ] = 12 – – –
Our calculations are performed based on the heavy quark effective theory (HQET) and separately for the four
charmed baryon multiplets of flavor 3¯F , [3¯F , 0, 1, ρ], [3¯F , 1, 1, ρ], [3¯F , 2, 1, ρ] and [3¯F , 1, 0, λ]. We find that none of
these four multiplets can independently well describe the experimental decay data of the Λc(2595). This is somehow in
contrast with quark model calculations which describe some of the decay rates, but not all, in a reasonable manner [41].
It would be a future issue to see further relations of various approaches. See also Refs. [24, 25] for other possible
interpretations of the Λc(2595). In the present sum rule study, considering the fact that the heavy quark symmetry is
not perfect, the physical states are probably mixed states containing various components with different inner quantum
numbers. It is then possible that the Λc(2595) is an admixture of the above four multiplets. Thus we try to use the
mixture of [3¯F , 1, 1, ρ] and [3¯F , 1, 0, λ] as an explanation and assume the physical state to be
|Λc(1/2
−)〉 = cos θ × |1/2,−,Λc, 1, 1, ρ〉+ sin θ × |1/2,−,Λc, 1, 0, λ〉 , (89)
so that we have
gΛc[ 12
−]→Σcpi = cos θ × g|1/2,−,Λc,1,1,ρ〉→Σcpi + sin θ × g|1/2,−,Λc,1,0,λ〉→Σcpi , (90)
and we can further obtain√
ΓΛc[ 12
−]→Σcpi(→Λcpipi) = cos θ ×
√
Γ|1/2,−,Λc,1,1,ρ〉→Σcpi(→Λcpipi) + sin θ ×
√
Γ|1/2,−,Λc,1,0,λ〉→Σcpi(→Λcpipi) . (91)
Other channels can be similarly evaluated. The mixing angle θ can be estimated by assuming [2, 124]
Γ(Σcπ)
ΓΛc(2595)
≈
Γ(Σ++c π
− +Σ0cπ
+)
Γ(Λ+c π+π−)
= 0.66+0.13−0.16 ± 0.07 . (92)
There are two possible solutions: θ1 = −20
o and θ2 = 7
o, which we denote as Mix-|B1〉 and Mix-|B2〉, respectively.
Assuming the mixing angle to be an overall parameter, we evaluate decay widths of the Λc(2625), Ξc(2790) and
Ξc(2815). The results are listed in Table IV, which are consistent with their experimental decay data, while the Mix-
|B1〉 seems a bit better. Recall that both [3¯F , 1, 1, ρ] and [3¯F , 1, 0, λ] can also describe the masses of these states [51],
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FIG. 8: The coupling constants g
Σ0c [
1
2
−
]→Σ+c pi−
(top-left), g
Ξ′0c [
1
2
−
]→Ξ′+c pi−
(top-right), g
Ξ′0c [
1
2
−
]→Σ+c K−
(middle-left),
g
Ω0c[
1
2
−
]→Ξ′+c K
−
(middle-right), g
Σ0c[
3
2
−
]→Σ∗+c pi
−
(middle-left), g
Ξ′0c [
3
2
−
]→Ξ∗+c pi
−
(middle-right), g
Ξ′0c [
3
2
−
]→Σ∗+c K
−
(bottom-left)
and g
Ω0c[
3
2
−
]→Ξ∗+c K−
(bottom-right) as functions of the Borel mass T . The currents belonging to the baryon doublet [6F , 1, 1, λ]
are used here.
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FIG. 9: The coupling constants g
Σ0c[
3
2
−
]→Σ∗+c pi
−
(top-left), g
Ξ′0c [
3
2
−
]→Ξ∗+c pi
−
(top-right), g
Ξ′0c [
3
2
−
]→Σ∗+c K
−
(bottom-left) and
g
Ω0c[
3
2
−
]→Ξ∗+c K−
(bottom-right) as functions of the Borel mass T . The currents belonging to the baryon doublet [6F , 2, 1, λ] are
used here.
so these two mixing solutions can well describe both masses and decay properties of the Λc(2595), Λc(2625), Ξc(2790)
and Ξc(2815) at the same time. We would like to suggest the Belle/KEK, LHCb, and J-PARC experiments to further
examine these values.
Using the same method, we have also studied the decay properties of the flavor 6F P -wave charmed baryons. We
have studied their S-wave decays into ground-state charmed baryons accompanied by a pseudoscalar meson (π or K),
including both two-body and three-body decays which are kinematically allowed. The results are listed in Table V,
where the possible decay channels are: (k) Σc[
1
2
−
]→ Λcπ, (l) Σc[
1
2
−
]→ Σcπ, (m) Ξ
′
c[
1
2
−
]→ Ξcπ, (n) Ξ
′
c[
1
2
−
]→ ΛcK,
(o) Ξ′c[
1
2
−
]→ Ξ′cπ, (p) Ξ
′
c[
1
2
−
]→ ΣcK, (q) Ωc[
1
2
−
]→ ΞcK, (r) Ωc[
1
2
−
]→ Ξ′cK, (s) Σc[
3
2
−
]→ Σ∗cπ, (t) Ξ
′
c[
3
2
−
]→ Ξ∗cπ,
(u) Ξ′c[
3
2
−
]→ Σ∗cK → ΛcπK, and (v) Ωc[
3
2
−
]→ Ξ∗cK → ΞcπK. We note again that the uncertainties can be as large
as Γ+200%−67% .
Our calculations are done separately for the four charmed baryon multiplets of flavor 6F , [6F , 1, 0, ρ], [6F , 0, 1, λ],
[6F , 1, 1, λ] and [6F , 2, 1, λ]. The situation in this case is more ambiguous that the previous case of the flavor 3¯F
charmed baryons:
1. The Σc(2800) is a good P -wave charmed baryon candidate of flavor 6F . It has a large width around 70 MeV
and was observed in the Λcπ decay channel. Our results suggest that it may be interpreted as a J
P = 1/2−
state belonging to the [6F , 0, 1, λ] multiplet, and it can be better interpreted as a J
P = 1/2− state containing
both [6F , 0, 1, λ] and [6F , 1, 1, λ] components.
2. The Ξc(2930) has a width around 36 MeV, and it was only observed by the BaBar experiment in the ΛcK decay
channel [125]. Our results suggest that it may be interpreted as a JP = 1/2− state containing both [6F , 0, 1, λ]
and [6F , 1, 1, λ] components.
3. The Ξc(2980) has a width around 20 MeV. It was observed in the Σc(2455)K and Ξc(2645)π decay channels,
but was not seen in the ΛcK decay channel. Our results suggest that it may be interpreted as a J
P = 1/2−
state belonging to the [6F , 1, 1, λ] multiplet but it does not contain [6F , 0, 1, λ] component.
At present, the JP quantum number of some states has not been measured. They could also be the candidates of
the radial excitations or D-wave states. More experiments are also necessary to understand them. Especially, the
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TABLE V: Non-vanishing decay widths of the flavor 6F P -wave charmed baryons, in units of MeV. The possible decay channels
are: (k) Σc[
1
2
−
]→ Λcπ, (l) Σc[ 12
−
]→ Σcπ, (m) Ξ′c[ 12
−
]→ Ξcπ, (n) Ξ′c[ 12
−
]→ ΛcK, (o) Ξ′c[ 12
−
]→ Ξ′cπ, (p) Ξ′c[ 12
−
]→ ΣcK,
(q) Ωc[
1
2
−
] → ΞcK, (r) Ωc[ 12
−
] → Ξ′cK, (s) Σc[ 32
−
] → Σ∗cπ, (t) Ξ′c[ 32
−
] → Ξ∗cπ, (u) Ξ′c[ 32
−
] → Σ∗cK → ΛcπK, and
(v) Ωc[
3
2
−
]→ Ξ∗cK → ΞcπK. We use the two-body middle/final states to denote them in the table.
Baryon Mass [6F , 1, 0, ρ] [6F , 0, 1, λ] [6F , 1, 1, λ] [6F , 2, 1, λ]
Σc[
1
2
−
] ∼ 2800 [Σcπ] = 300 [Λcπ] = 200 [Σcπ] = 7.9 –
Ξ′c[
1
2
−
] ∼ 2950 [Ξ
′
cπ] = 140
[ΣcK] = 29
[Ξcπ] = 230
[ΛcK] = 160
[Ξ′cπ] = 3.7
[ΣcK] = 3.6
–
Ωc[
1
2
−
] ∼ 3100 [Ξ′cK] = 250 [ΞcK] = 820 [Ξ′cK] = 29 –
Σc[
3
2
−
] ∼ 2800 [Σ∗cπ] = 110 – [Σ∗cπ] = 0.95 [Σ∗cπ] = 0.00
Ξ′c[
3
2
−
] ∼ 2950 [Ξ
∗
cπ] = 50
[Σ∗cK] = 0.03
–
[Ξ∗cπ] = 0.45
[Σ∗cK] = 0.00
[Ξ∗cπ] = 0.00
[Σ∗cK] = 0.00
Ωc[
3
2
−
] ∼ 3120 [Ξ∗cK] = 0.07 – [Ξ∗cK] = 0.00 [Ξ∗cK] = 0.00
Σc[
5
2
−
] – – – – –
Ξ′c[
5
2
−
] – – – – –
Ωc[
5
2
−
] – – – – –
five excited Ωc states recently observed by LHCb [1], Ωc(3000), Ωc(3050), Ωc(3066), Ωc(3090), and Ωc(3119), are
very helpful to improve our understanding of the excited charmed baryons. Their widths are quite small and were all
observed in the ΞcK decay channel. We use their masses as inputs and redo the previous calculations. The results
are shown in Table VI (note that the Ξ′cK threshold is 3072 MeV and the ΞcπK threshold is 3103 MeV):
1. We may use the [6F , 1, 1, λ] multiplet together with a tiny [6F , 0, 1, λ] component to interpret one of these Ωc
states
(
Ωc(3000), Ωc(3050) or Ωc(3066)
)
as a JP = 1/2− state.
2. The [6F , 2, 1, λ] multiplet may be used to interpret two of these Ωc states as one J
P = 3/2− state and one
JP = 5/2− state, but we still need to study their D-wave decays into ΞcK to check this possibility.
3. Two of these excited Ωc states may be interpreted as two 2S states of J
P = 1/2+ and 3/2+. See the recent
reference [126] for more discussions.
TABLE VI: Decay widths of the five excited Ωc states recently observed by LHCb [1], assuming they are P -wave charmed
baryons. The results are in units of MeV. The possible decay channels are: (q) Ωc[
1
2
−
] → ΞcK, (r) Ωc[ 12
−
] → Ξ′cK, and
(v) Ωc[
3
2
−
]→ Ξ∗cK → ΞcπK. We use the two-body middle/final states to denote them in the table.
Experiments
[6F , 1, 0, ρ] [6F , 0, 1, λ] [6F , 1, 1, λ] [6F , 2, 1, λ]
1/2− 3/2− 1/2− 1/2− 3/2− 3/2− 5/2−
Ωc(3000) – – [ΞcK] = 420 – – – –
Ωc(3050) – – [ΞcK] = 650 – – – –
Ωc(3066) – – [ΞcK] = 700 – – – –
Ωc(3090) [Ξ
′
cK] = 200 – [ΞcK] = 790 [Ξ
′
cK] = 23 – – –
Ωc(3119) [Ξ
′
cK] = 320 [Ξ
∗
cK] = 0.06 [ΞcK] = 870 [Ξ
′
cK] = 38 [Ξ
∗
cK] = 0.00 [Ξ
∗
cK] = 0.00 –
To end this work, we note that we have only investigated the S-wave decay properties of these excited charmed
baryons in the present study, but their D-wave decays can also happen and contribute (although these contributions
may be not large). Hence, in our following study we plan to further study their D-wave decay properties. We also plan
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to study the S-wave decays of the flavor 6F P -wave charmed baryons into ground-state charmed baryons accompanied
by a vector meson (ρ or K∗), which have not been done in the present work. We would like to suggest the Belle/KEK,
LHCb, and J-PARC experiments to investigate the decays of these excited Ωc states into Ξ
′
cK to further understand
them.
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Appendix A: Formulae of decay amplitudes and decay widths
The decay widths of P -wave charmed baryons can be evaluated based on the Lagrangians (a-j) listed in Eqs. (6),
(51) and (47):
1. The decay amplitude of the two-body decay (a) Λ+c (1/2
−
)→ Σ+c π
0 is
M (0→ 2 + 1) ≡M
(
Λ+c (1/2
−
)→ Σ+c (1/2
+) + π0
)
= g0→2+1u¯0u2 , (A1)
where 0 denotes the initial state Λ+c (1/2
−
); 1 and 2 denote the finial states π0 and Σ+c (1/2
+), respectively. This
amplitude can be used to further evaluate its decay width
Γ (0→ 2 + 1) ≡ Γ
(
Λ+c (1/2
−
)→ Σ+c (1/2
+) + π0
)
(A2)
=
|~p1|
8πm20
× g20→2+1 ×
1
2
Tr [(p/0 +m0) (p/2 +m2)] ,
where we have used the following formula for the baryon field of spin 1/2∑
spin
u(p)u¯(p) = (p/+m) . (A3)
The two-body decays, (c), (d), (f), and (k)-(r), can be similarly evaluated.
2. The decay amplitude of the two-body decay (h) Ξc(3/2
−
)→ Ξ∗cπ is
M (0→ 2 + 1) ≡M
(
Ξ0c(3/2
−
)→ Ξ∗+c (3/2
+) + π−
)
= g0→2+1u¯0,µu2,µ , (A4)
where 0 denotes the initial state Ξ0c(3/2
−
); 1 and 2 denote the finial states π− and Ξ∗+c (3/2
+), respectively.
This amplitude can be used to further evaluate its decay width
Γ (0→ 2 + 1) ≡ Γ
(
Ξ0c(3/2
−
)→ Ξ∗+c (3/2
+) + π−
)
(A5)
=
|~p1|
8πm20
× g20→2+1 ×
1
4
Tr
[(
gµ′µ −
1
3
γµ′γµ −
p2,µ′γµ − p2,µγµ′
3m2
−
2p2,µ′p2,µ
3m22
)
(p/2 +m2)×
×
(
gµµ′ −
1
3
γµγµ′ −
p0,µγµ′ − p0,µ′γµ
3m0
−
2p0,µp0,µ′
3m20
)
(p/0 +m0)
]
,
where we have used the following formula for the baryon field of spin 3/2
∑
spin
uµ(p)u¯µ′(p) =
(
gµµ′ −
1
3
γµγµ′ −
pµγµ′ − pµ′γµ
3m
−
2pµpµ′
3m2
)
(p/+m) . (A6)
The two-body decays, (s) and (t), can be similarly evaluated.
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3. The decay amplitude of the three-body decay (a′) Λ+c (1/2
−)→ Σ++c π
− → Λ+c π
+π− is
M (0→ 4 + 1→ 3 + 2 + 1) ≡M
(
Λ+c (1/2
−
)→ Σ++c (1/2
+) + π− → Λ+c (1/2
+) + π+ + π−
)
(A7)
= g0→4+1 × g4→3+2 × u¯0 ×
p/4 +m4
p24 −m
2
4 + im4Γ4
× γµγ5 × u3 × p2,µ ,
where 0 denotes the initial state Λ+c (1/2
−
); 4 denotes the middle state Σ++c (1/2
+); 1, 2 and 3 denote the finial
states π−, π+ and Λ+c (1/2
+), respectively. This amplitude can be used to further evaluate its decay width
Γ (0→ 4 + 1→ 3 + 2 + 1) ≡ Γ
(
Λ+c (1/2
−)→ Σ++c (1/2
+) + π− → Λ+c (1/2
+) + π+ + π−
)
(A8)
=
1
(2π)3
×
1
32m30
× g20→4+1 × g
2
4→3+2 ×
∫
dm12dm23 ×
×
1
2
Tr
[
(p/3 +m3) γµ′γ5 (p/4 +m4) (p/0 +m0) (p/4 +m4) γµγ5
]
×
1
|p24 −m
2
4 + im4Γ4|
2
× p2,µp2,µ′ ,
where we have used the standard Dalitz integration [2].
4. The decay amplitude of the three-body decay (b) Λc(3/2
−)→ Σ∗cπ → Λcππ is
M (0→ 4 + 1→ 3 + 2 + 1) ≡M
(
Λ+c (3/2
−
)→ Σ∗++c (3/2
+) + π− → Λ+c (1/2
+) + π+ + π−
)
(A9)
= g0→4+1 × g4→3+2
× u¯0,µ ×
(
gµν −
1
3
γµγν −
p4,µγν − p4,νγµ
3m4
−
2p4,µp4,ν
3m24
)
×
p/4 +m4
p24 −m
2
4 + im4Γ4
× u3 × p2,ν ,
where 0 denotes the initial state Λ+c (3/2
−); 4 denotes the middle state Σ∗++c (3/2
+); 1, 2 and 3 denote the finial
states π−, π+ and Λ+c (1/2
+), respectively. This amplitude can be used to further evaluate its decay width
Γ (0→ 4 + 1→ 3 + 2 + 1) ≡ Γ
(
Λ+c (3/2
−
)→ Σ∗++c (3/2
+) + π− → Λ+c (1/2
+) + π+ + π−
)
(A10)
=
1
(2π)3
×
1
32m30
× g20→4+1 × g
2
4→3+2 ×
∫
dm12dm23 ×
×
1
4
Tr
[
(p/3 +m3)×
(
gν′µ′ −
1
3
γν′γµ′ −
p4,ν′γµ′ − p4,µ′γν′
3m4
−
2p4,ν′p4,µ′
3m24
)
(p/4 +m4)
×
(
gµ′µ −
1
3
γµ′γµ −
p0,µ′γµ − p0,µγµ′
3m0
−
2p0,µ′p0,µ
3m20
)
(p/0 +m0)
×
(
gµν −
1
3
γµγν −
p4,µγν − p4,νγµ
3m4
−
2p4,µp4,ν
3m24
)
(p/4 +m4)
]
×
1
|p24 −m
2
4 + im4Γ4|
2
× p2,νp2,ν′ .
The three-body decays, (u) and (v), can be similarly evaluated.
5. The decay amplitude of the three-body decay (e) Ξc(1/2
−
)→ Ξcρ→ Ξcππ is
M (0→ 3 + 4→ 3 + 2 + 1) ≡M
(
Ξ0c(1/2
−
)→ Ξ+c (1/2
+) + ρ− → Ξ+c (1/2
+) + π0 + π−
)
(A11)
= g0→3+4 × g4→2+1 × u¯0γµγ5u3 ×
(
gµν −
p4,µp4,ν
m24
)
×
1
p24 −m
2
4 + im4Γ4
× (p1,ν + p2,ν) ,
where 0 denotes the initial state Ξ0c(1/2
−
); 4 denotes the middle state ρ−; 1, 2 and 3 denote the finial states
π−, π0 and Ξ+c (1/2
+), respectively. This amplitude can be used to further evaluate its decay width
Γ (0→ 3 + 4→ 3 + 2 + 1) ≡ Γ
(
Ξ0c(1/2
−
)→ Ξ+c (1/2
+) + ρ− → Ξ+c (1/2
+) + π0 + π−
)
(A12)
=
1
(2π)3
×
1
32m30
× g20→3+4 × g
2
4→2+1 ×
∫
dm12dm23 ×
28
×
1
2
Tr
[
(p/3 +m3) γµ′γ5 (p/0 +m0) γµγ5
]
×
(
gµν −
p4,µp4,ν
m24
)(
gµ′ν′ −
p4,µ′p4,ν′
m24
)
×
1
|p24 −m
2
4 + im4Γ4|
2
× (p1,ν + p2,ν) (p1,ν′ + p2,ν′) .
6. The decay amplitude of the three-body decay (g) Ξc(3/2
−)→ Ξcρ→ Ξcππ is
M (0→ 3 + 4→ 3 + 2 + 1) ≡M
(
Ξ0c(3/2
−
)→ Ξ+c (1/2
+) + ρ− → Ξ+c (1/2
+) + π0 + π−
)
(A13)
= g0→3+4 × g4→2+1 × u¯0,µu3 ×
(
gµν −
p4,µp4,ν
m24
)
×
1
p24 −m
2
4 + im4Γ4
× (p1,ν + p2,ν) ,
where 0 denotes the initial state Ξ0c(3/2
−
); 4 denotes the middle state ρ−; 1, 2 and 3 denote the finial states
π−, π0 and Ξ+c (1/2
+), respectively. This amplitude can be used to further evaluate its decay width
Γ (0→ 3 + 4→ 3 + 2 + 1) ≡ Γ
(
Ξ0c(3/2
−
)→ Ξ+c (1/2
+) + ρ− → Ξ+c (1/2
+) + π0 + π−
)
(A14)
=
1
(2π)3
×
1
32m30
× g20→3+4 × g
2
4→2+1 ×
∫
dm12dm23 ×
×
1
4
Tr
[
(p/3 +m3)
(
gµ′µ −
1
3
γµ′γµ −
p0,µ′γµ − p0,µγµ′
3m0
−
2p0,µ′p0,µ
3m20
)
(p/0 +m0)
]
×
(
gµν −
p4,µp4,ν
m24
)(
gµ′ν′ −
p4,µ′p4,ν′
m24
)
×
1
|p24 −m
2
4 + im4Γ4|
2
× (p1,ν + p2,ν) (p1,ν′ + p2,ν′) .
7. The decay amplitude of the three-body decay (i) Λc(5/2
−
)→ Σ∗cρ→ Σ
∗
cππ is
M (0→ 3 + 4→ 3 + 2 + 1) ≡M
(
Λ+c (5/2
−
)→ Σ∗++c (3/2
+) + ρ− → Σ∗++c (3/2
+) + π0 + π−
)
(A15)
= g0→3+4 × g4→2+1 × u¯0,µρu3,ρ ×
(
gµν −
p4,µp4,ν
m24
)
×
1
p24 −m
2
4 + im4Γ4
× (p1,ν + p2,ν) ,
where 0 denotes the initial state Λ+c (5/2
−); 4 denotes the middle state ρ−; 1, 2 and 3 denote the finial states
π−, π0 and Σ∗++c (3/2
+), respectively. This amplitude can be used to further evaluate its decay width
Γ (0→ 3 + 4→ 3 + 2 + 1) ≡ Γ
(
Λ+c (5/2
−
)→ Σ∗++c (3/2
+) + ρ− → Σ∗++c (3/2
+) + π0 + π−
)
(A16)
=
1
(2π)3
×
1
32m30
× g20→3+4 × g
2
4→2+1 ×
∫
dm12dm23 ×
×
1
6
Tr
[(
gρ′ρ −
1
3
γρ′γρ −
p3,ρ′γρ − p3,ργρ′
3m3
−
2p3,ρ′p3,ρ
3m23
)
(p/3 +m3)
×
(
1
2
gµµ′gρρ′ +
1
2
gµρ′gρµ′ −
1
3
gµρgµ′ρ′
)
(p/0 +m0)
]
×
(
gµν −
p4,µp4,ν
m24
)(
gµ′ν′ −
p4,µ′p4,ν′
m24
)
×
1
|p24 −m
2
4 + im4Γ4|
2
× (p1,ν + p2,ν) (p1,ν′ + p2,ν′) ,
where we have simply used the following formula for the baryon field of spin 5/2
∑
spin
uµν(p)u¯µ′ν′(p) =
(
1
2
gµµ′gνν′ +
1
2
gµν′gνµ′ −
1
3
gµνgµ′ν′
)
(p/+m) . (A17)
The three-body decay, (j) Ξc(5/2
−
)→ Ξ∗cρ→ Ξ
∗
cππ, can be similarly evaluated.
Appendix B: Light-cone distribution amplitudes of the K meson
In this appendix we list the light-cone distribution amplitudes of the K meson as examples. They are taken from
Ref. [90], and we refer interested readers to read Refs. [89–96] for details. The light-cone distribution amplitudes of
29
the K meson used in the present study are:
〈0|q¯(z)γµγ5s(−z)|K(q)〉 = ifKqµ
∫ 1
0
du ei(2u−1)q·z
(
φ2;K(u) +
1
4
z2φ4;K(u)
)
(B1)
+
i
2
fK
1
q · z
zµ
∫ 1
0
du ei(2u−1)q·zψ4;K(u) ,
〈0|q¯(z)iγ5s(−z)|K(q)〉 =
fKm
2
K
ms +mq
∫ 1
0
du ei(2u−1)q·z φp3;K(u) , (B2)
〈0|q¯(z)σαβγ5s(−z)|K(q)〉 = −
i
3
fKm
2
K
ms +mq
(qαzβ − qβzα)
∫ 1
0
du ei(2u−1)q·z φσ3;K(u) , (B3)
〈0|q¯(z)γµγ5gGαβ(vz)s(−z)|K(q)〉 = qµ(qαzβ − qβzα)
1
q · z
fKΦ4;K(v, q · z) (B4)
+ (qβg
⊥
αµ − qαg
⊥
βµ)fKΨ4;K(v, q · z) ,
〈0|q¯(z)γµigG˜αβ(vz)s(−z)|K(q)〉 = qµ(qαzβ − qβzα)
1
q · z
fKΦ˜4;K(v, q · z) (B5)
+ (qβg
⊥
αµ − qαg
⊥
βµ)fKΨ˜4;K(v, q · z) ,
〈0|q¯(z)σµνγ5gGαβ(vz)s(−z)|K(q)〉 = i f3K
(
qαqµg
⊥
νβ − qαqνg
⊥
µβ − (α↔ β)
)
× (B6)
×
∫
Dα e−iq·z(α2−α1+vα3)Φ3;K(α1, α2, α3) .
where G˜µν =
1
2ǫµνρσG
ρσ .
Appendix C: Other sum rules
In this appendix we show the sum rules for other currents with different quark contents.
1. [3¯F , 0, 1, ρ]
The sum rule for Λ+c (
1
2
−
) belonging to [3¯F , 0, 1, ρ] is
GΛ+c [ 12
−]→Σ++c pi−(ω, ω
′) =
gΛ+c [ 12
−]→Σ++c pi−fΛ+c [ 12−]fΣ++c
(Λ¯Λ+c [ 12
−] − ω
′)(Λ¯Σ++c − ω)
= 0 . (C1)
The sum rules for Ξ0c(
1
2
−
) belonging to [3¯F , 0, 1, ρ] are
GΞ0c [ 12
−]→Ξ′+c pi−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ′+c pi−fΞ0c[ 12−]fΞ′+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
= 0 , (C2)
GΞ0c [ 12
−]→Ξ+c pi−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ+c pi−fΞ0c[ 12−]fΞ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ+c − ω)
(C3)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u) +
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u)−
ifpi
16tv · q
〈s¯s〉ψ4;pi(u)−
ifpit
256v · q
〈gss¯σGs〉ψ4;pi(u)
−
3ifpi
16π2t3v · q
msψ4;pi(u)−
fpim
2
pi
32(mu +md)
ms〈s¯s〉φ
p
3;pi(u) +
ifpim
2
pitv · q
192(mu +md)
ms〈s¯s〉φ
σ
3;pi(u)
)
,
GΞ0c [ 12
−]→Λ+c K−(ω, ω
′) =
gΞ0c[ 12
−]→Λ+c K−fΞ0c[ 12−]fΛ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Λ+c − ω)
(C4)
30
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
3fKm
2
K
4π2t4(mu +ms)
φp3;K(u) +
ifKm
2
Kv · q
8π2t3(mu +ms)
φσ3;K(u)−
ifK
16tv · q
〈q¯q〉ψ4;K(u)−
ifKt
256v · q
〈gsq¯σGq〉ψ4;K(u)
)
,
GΞ0c [ 12
−]→Ξ+c ρ−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ+c ρ−fΞ0c[ 12−]fΞ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 . (C5)
2. [3¯F , 1, 1, ρ]
The sum rule for Λ+c (
1
2
−
) belonging to [3¯F , 1, 1, ρ] is
GΛ+c [ 12
−]→Σ++c pi−(ω, ω
′) =
gΛ+c [ 12
−]→Σ++c pi−fΛ+c [ 12−]fΣ++c
(Λ¯Λ+c [ 12
−] − ω
′)(Λ¯Σ++c − ω)
(C6)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
3ifpiv · q
2π2t4
φ2;pi(u) +
3ifpiv · q
32π2t2
φ4;pi(u) +
3ifpi
2π2t4v · q
ψ4;pi(u) +
ifpim
2
piv · q
24(mu +md)
〈q¯q〉φσ3;pi(u)
+
ifpim
2
pit
2v · q
384(mu +md)
〈gsq¯σGq〉φ
σ
3;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
3ifpiv · q
8π2t2
Φ4;pi(α)−
ifpiv · q
4π2t2
Ψ4;pi(α) +
ifpiv · q
8π2t2
Φ˜4;pi(α) +
ifpiv · q
4π2t2
Ψ˜4;pi(α) +
ifpiuv · q
4π2t2
Φ4;pi(α) +
ifpiuv · q
2π2t2
Ψ4;pi(α)
)
.
One of the sum rules for Ξ0c(
1
2
−
) belonging to [3¯F , 1, 1, ρ] has been given in Eq. (56), and the others are
GΞ0c[ 12
−]→Ξ+c pi−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ+c pi−fΞ0c[ 12−]fΞ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 , (C7)
GΞ0c[ 12
−]→Λ+c K−(ω, ω
′) =
gΞ0c[ 12
−]→Λ+c K−fΞ0c[ 12−]fΛ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Λ+c − ω)
= 0 , (C8)
GΞ0c[ 12
−]→Ξ+c ρ−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ+c ρ−fΞ0c[ 12−]fΞ+c
(Λ¯Ξ0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
(C9)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
f⊥ρ v · q
2π2t4
φ⊥2;ρ(u) +
f⊥ρ m
2
ρ
2π2t4v · q
φ⊥2;ρ(u)−
f⊥ρ m
2
ρ
2π2t4v · q
ψ⊥4;ρ(u)−
f⊥ρ m
2
ρv · q
32π2t2
φ⊥4;ρ(u) +
f
‖
ρmρv · q
48
〈s¯s〉ψ⊥3;ρ(u)
+
f
‖
ρmρt
2v · q
768
〈gss¯σGs〉ψ
⊥
3;ρ(u) +
f
‖
ρmρv · q
16π2t2
msψ
⊥
3;ρ(u)−
f⊥ρ v · q
48
ms〈s¯s〉φ
⊥
2;ρ(u) +
f⊥ρ m
2
ρ
48v · q
ms〈s¯s〉φ
⊥
2;ρ(u)
−
f⊥ρ m
2
ρ
48v · q
ms〈s¯s〉ψ
⊥
4;ρ(u)−
f⊥ρ m
2
ρt
2v · q
768
ms〈s¯s〉φ
⊥
4;ρ(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
−
f⊥ρ m
2
ρv · q
8π2t2
Ψ⊥4;ρ(α) +
f⊥ρ m
2
ρv · q
8π2t2
Ψ˜⊥4;ρ(α)−
f⊥ρ m
2
ρuv · q
8π2t2
Φ⊥14;ρ(α) +
f⊥ρ m
2
ρuv · q
8π2t2
Φ⊥24;ρ(α)−
f⊥ρ m
2
ρuv · q
4π2t2
Ψ˜⊥4;ρ(α)
)
.
The sum rule for Λ+c [
3
2
−
] belonging to [3¯F , 1, 1, ρ] is
GΛ+c [ 32
−]→Σ∗++c pi−(ω, ω
′) =
gΛ+c [ 32
−]→Σ∗++c pi−fΛ+c [ 32−]fΣ∗++c
(Λ¯Λ+c [ 32
−] − ω
′)(Λ¯Σ∗++c − ω)
(C10)
31
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
fpiv · q
3π2t4
φ2;pi(u)−
fpiv · q
48π2t2
φ4;pi(u)−
fpi
3π2t4v · q
ψ4;pi(u)−
fpim
2
piv · q
108(mu +md)
〈q¯q〉φσ3;pi(u)
−
fpim
2
pit
2v · q
1728(mu +md)
〈gsq¯σGq〉φ
σ
3;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
−
fpiv · q
24π2t2
Φ4;pi(α) +
5fpiv · q
72π2t2
Ψ4;pi(α)−
fpiv · q
72π2t2
Φ˜4;pi(α)−
5fpiv · q
72π2t2
Ψ˜4;pi(α)
−
fpiuv · q
36π2t2
Φ4;pi(α)−
7fpiuv · q
72π2t2
Ψ4;pi(α) +
fpiuv · q
12π2t2
Φ˜4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
.
The sum rules for Ξ0c(
3
2
−
) belonging to [3¯F , 1, 1, ρ] are
GΞ0c [ 32
−]→Ξ∗+c pi−(ω, ω
′) =
gΞ0c[ 32
−]→Ξ∗+c pi−fΞ0c[ 32−]fΞ∗+c
(Λ¯Ξ0c [ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C11)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
fpiv · q
3π2t4
φ2;pi(u)−
fpiv · q
48π2t2
φ4;pi(u)−
fpi
3π2t4v · q
ψ4;pi(u)−
fpim
2
piv · q
108(mu +md)
〈s¯s〉φσ3;pi(u)
−
fpim
2
pit
2v · q
1728(mu +md)
〈gss¯σGs〉φ
σ
3;pi(u)−
fpim
2
piv · q
36π2t2(mu +md)
msφ
σ
3;pi(u)−
fpiv · q
72
ms〈s¯s〉φ2;pi(u)
−
fpit
2v · q
1152
ms〈s¯s〉φ4;pi(u)−
fpi
72v · q
ms〈s¯s〉ψ4;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
−
fpiv · q
24π2t2
Φ4;pi(α) +
5fpiv · q
72π2t2
Ψ4;pi(α)−
fpiv · q
72π2t2
Φ˜4;pi(α)−
5fpiv · q
72π2t2
Ψ˜4;pi(α)
−
fpiuv · q
36π2t2
Φ4;pi(α)−
7fpiuv · q
72π2t2
Ψ4;pi(α) +
fpiuv · q
12π2t2
Φ˜4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
,
GΞ0c [ 32
−]→Ξ+c ρ−(ω, ω
′) =
gΞ0c[ 32
−]→Ξ+c ρ−fΞ0c[ 32−]fΞ+c
(Λ¯Ξ0c[ 32
−] − ω
′)(Λ¯Ξ+c − ω)
(C12)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
f⊥ρ v · q
3π2t4
φ⊥2;ρ(u)−
f⊥ρ m
2
ρ
3π2t4v · q
φ⊥2;ρ(u) +
f⊥ρ m
2
ρ
3π2t4v · q
ψ⊥4;ρ(u) +
f⊥ρ m
2
ρv · q
48π2t2
φ⊥4;ρ(u)−
f
‖
ρmρv · q
72
〈s¯s〉ψ⊥3;ρ(u)
−
f
‖
ρmρt
2v · q
1152
〈gss¯σGs〉ψ
⊥
3;ρ(u)−
f
‖
ρmρv · q
24π2t2
msψ
⊥
3;ρ(u) +
f⊥ρ v · q
72
ms〈s¯s〉φ
⊥
2;ρ(u)−
f⊥ρ m
2
ρ
72v · q
ms〈s¯s〉φ
⊥
2;ρ(u)
+
f⊥ρ m
2
ρ
72v · q
ms〈s¯s〉ψ
⊥
4;ρ(u) +
f⊥ρ m
2
ρt
2v · q
1152
ms〈s¯s〉φ
⊥
4;ρ(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
f⊥ρ m
2
ρv · q
12π2t2
Ψ⊥4;ρ(α)−
f⊥ρ m
2
ρv · q
12π2t2
Ψ˜⊥4;ρ(α) +
f⊥ρ m
2
ρuv · q
12π2t2
Φ⊥14;ρ(α)−
f⊥ρ m
2
ρuv · q
12π2t2
Φ⊥24;ρ(α) +
f⊥ρ m
2
ρuv · q
6π2t2
Ψ˜⊥4;ρ(α)
)
.
32
3. [3¯F , 2, 1, ρ]
The sum rule for Λ+c [
3
2
−
] belonging to [3¯F , 2, 1, ρ] is
GΛ+c [ 32
−]→Σ∗++c pi−(ω, ω
′) =
gΛ+c [ 32
−]→Σ∗++c pi−fΛ+c [ 32−]fΣ∗++c
(Λ¯Λ+c [ 32
−] − ω
′)(Λ¯Σ∗++c − ω)
(C13)
=
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
fpiv · q
24π2t2
Φ4;pi(α) +
fpiv · q
24π2t2
Ψ4;pi(α)−
fpiv · q
24π2t2
Φ˜4;pi(α)−
fpiv · q
24π2t2
Ψ˜4;pi(α)
−
fpiuv · q
12π2t2
Φ4;pi(α)−
fpiuv · q
24π2t2
Ψ4;pi(α) +
fpiuv · q
12π2t2
Φ˜4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
.
The sum rules for Ξ0c(
3
2
−
) belonging to [3¯F , 2, 1, ρ] are
GΞ0c [ 32
−]→Ξ∗+c pi−(ω, ω
′) =
gΞ0c[ 32
−]→Ξ∗+c pi−fΞ0c[ 32−]fΞ∗+c
(Λ¯Ξ0c[ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C14)
=
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
fpiv · q
24π2t2
Φ4;pi(α) +
fpiv · q
24π2t2
Ψ4;pi(α)−
fpiv · q
24π2t2
Φ˜4;pi(α)−
fpiv · q
24π2t2
Ψ˜4;pi(α)
−
fpiuv · q
12π2t2
Φ4;pi(α)−
fpiuv · q
24π2t2
Ψ4;pi(α) +
fpiuv · q
12π2t2
Φ˜4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
,
GΞ0c [ 32
−]→Ξ+c ρ−(ω, ω
′) =
gΞ0c[ 32
−]→Ξ+c ρ−fΞ0c[ 32−]fΞ+c
(Λ¯Ξ0c[ 32
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 . (C15)
The sum rule for Λ+c [
5
2
−
] belonging to [3¯F , 2, 1, ρ] is
GΛ+c [ 52
−]→Σ∗++c ρ−(ω, ω
′) =
gΛ+c [ 52
−]→Σ∗++c ρ−fΛ+c [ 52−]fΣ∗++c
(Λ¯Λ+c [ 52
−] − ω
′)(Λ¯Σ∗++c − ω)
(C16)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
3if
‖
ρmρ
10π2t4
φ
‖
2;ρ(u) +
3if
‖
ρm3ρ
20π2t4(v · q)2
φ
‖
2;ρ(u) +
3if
‖
ρmρ
10π2t4
φ⊥3;ρ(u)−
3if
‖
ρm3ρ
10π2t4(v · q)2
φ⊥3;ρ(u)−
3f
‖
ρmρv · q
40π2t3
ψ⊥3;ρ(u)
−
3if
‖
ρm3ρ
160π2t2
φ
‖
4;ρ(u) +
3if
‖
ρm3ρ
20π2t4(v · q)2
ψ
‖
4;ρ(u) +
f⊥ρ m
2
ρ
40tv · q
〈q¯q〉φ⊥2;ρ(u) +
if⊥ρ m
2
ρ
40
〈q¯q〉ψ
‖
3;ρ(u)−
f⊥ρ m
2
ρ
40tv · q
〈q¯q〉ψ⊥4;ρ(u)
+
f⊥ρ m
2
ρt
640v · q
〈gsq¯σGq〉φ
⊥
2;ρ(u) +
if⊥ρ m
2
ρt
2
640
〈gsq¯σGq〉ψ
‖
3;ρ(u)−
f⊥ρ m
2
ρt
640v · q
〈gsq¯σGq〉ψ
⊥
4;ρ(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
3if
‖
ρm3ρ
40π2t2
Ψ
‖
4;ρ(α)−
3if
‖
ρm3ρ
40π2t2
Ψ˜
‖
4;ρ(α) +
3if
‖
ρm3ρu
20π2t2
Ψ
‖
4;ρ(α)
)
.
The sum rule for Ξ0c(
5
2
−
) belonging to [3¯F , 2, 1, ρ] is
GΞ0c [ 52
−]→Ξ∗+c ρ−(ω, ω
′) =
gΞ0c[ 52
−]→Ξ∗+c ρ−fΞ0c[ 52−]fΞ∗+c
(Λ¯Ξ0c[ 52
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C17)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
33
−
3if
‖
ρmρ
10π2t4
φ
‖
2;ρ(u) +
3if
‖
ρm3ρ
20π2t4(v · q)2
φ
‖
2;ρ(u) +
3if
‖
ρmρ
10π2t4
φ⊥3;ρ(u)−
3if
‖
ρm3ρ
10π2t4(v · q)2
φ⊥3;ρ(u)−
3f
‖
ρmρv · q
40π2t3
ψ⊥3;ρ(u)
−
3if
‖
ρm3ρ
160π2t2
φ
‖
4;ρ(u) +
3if
‖
ρm3ρ
20π2t4(v · q)2
ψ
‖
4;ρ(u) +
f⊥ρ m
2
ρ
40tv · q
〈s¯s〉φ⊥2;ρ(u) +
if⊥ρ m
2
ρ
40
〈s¯s〉ψ
‖
3;ρ(u)−
f⊥ρ m
2
ρ
40tv · q
〈s¯s〉ψ⊥4;ρ(u)
+
f⊥ρ m
2
ρt
640v · q
〈gss¯σGs〉φ
⊥
2;ρ(u) +
if⊥ρ m
2
ρt
2
640
〈gss¯σGs〉ψ
‖
3;ρ(u)−
f⊥ρ m
2
ρt
640v · q
〈gss¯σGs〉ψ
⊥
4;ρ(u) +
3f⊥ρ m
2
ρ
40π2t3v · q
msφ
⊥
2;ρ(u)
+
3if⊥ρ m
2
ρ
40π2t2
msψ
‖
3;ρ(u)−
3f⊥ρ m
2
ρ
40π2t3v · q
msψ
⊥
4;ρ(u)−
if
‖
ρmρ
80
ms〈s¯s〉φ
‖
2;ρ(u) +
if
‖
ρm3ρ
160(v · q)2
ms〈s¯s〉φ
‖
2;ρ(u)
+
if
‖
ρmρ
80
ms〈s¯s〉φ
⊥
3;ρ(u)−
if
‖
ρm3ρ
80(v · q)2
ms〈s¯s〉φ
⊥
3;ρ(u)−
f
‖
ρmρtv · q
320
ms〈s¯s〉ψ
⊥
3;ρ(u)−
if
‖
ρm3ρt
2
1280
ms〈s¯s〉φ
‖
4;ρ(u)
+
if
‖
ρm3ρ
160(v · q)2
ms〈s¯s〉ψ
‖
4;ρ(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
3if
‖
ρm3ρ
40π2t2
Ψ
‖
4;ρ(α)−
3if
‖
ρm3ρ
40π2t2
Ψ˜
‖
4;ρ(α) +
3if
‖
ρm3ρu
20π2t2
Ψ
‖
4;ρ(α)
)
.
4. [3¯F , 1, 0, λ]
The sum rule for Λ+c (
1
2
−
) belonging to [3¯F , 1, 0, λ] is
GΛ+c [ 12
−]→Σ++c pi−(ω, ω
′) =
gΛ+c [ 12
−]→Σ++c pi−fΛ+c [ 12−]fΣ++c
(Λ¯Λ+c [ 12
−] − ω
′)(Λ¯Σ++c − ω)
(C18)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u)−
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u) +
ifpi
16tv · q
〈q¯q〉ψ4;pi(u) +
ifpit
256v · q
〈gsq¯σGq〉ψ4;pi(u)
)
.
The sum rules for Ξ0c(
1
2
−
) belonging to [3¯F , 1, 0, λ] are
GΞ0c[ 12
−]→Ξ′+c pi−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ′+c pi−fΞ0c[ 12−]fΞ′+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
(C19)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u)−
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u) +
ifpi
16tv · q
〈s¯s〉ψ4;pi(u) +
ifpit
256v · q
〈gss¯σGs〉ψ4;pi(u)
+
3ifpi
16π2t3v · q
msψ4;pi(u) +
fpim
2
pi
32(mu +md)
ms〈s¯s〉φ
p
3;pi(u)−
ifpim
2
pitv · q
192(mu +md)
ms〈s¯s〉φ
σ
3;pi(u)
)
,
GΞ0c[ 12
−]→Ξ+c pi−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ+c pi−fΞ0c[ 12−]fΞ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 , (C20)
GΞ0c[ 12
−]→Λ+c K−(ω, ω
′) =
gΞ0c[ 12
−]→Λ+c K−fΞ0c[ 12−]fΛ+c
(Λ¯Ξ0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
= 0 , (C21)
GΞ0c[ 12
−]→Ξ+c ρ−(ω, ω
′) =
gΞ0c[ 12
−]→Ξ+c ρ−fΞ0c[ 12−]fΞ+c
(Λ¯Ξ0c[ 12
−] − ω
′)(Λ¯Ξ+c − ω)
(C22)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
34
if
‖
ρmρ
4π2t4
φ
‖
2;ρ(u)−
if
‖
ρm3ρ
8π2t4(v · q)2
φ
‖
2;ρ(u) +
if
‖
ρm3ρ
4π2t4(v · q)2
φ⊥3;ρ(u)−
if
‖
ρm3ρ
8π2t4(v · q)2
ψ
‖
4;ρ(u) +
if
‖
ρm3ρ
64π2t2
φ
‖
4;ρ(u)
−
if⊥ρ m
2
ρ
48
〈s¯s〉ψ
‖
3;ρ(u)−
if⊥ρ m
2
ρt
2
768
〈gss¯σGs〉ψ
‖
3;ρ(u)−
if⊥ρ m
2
ρ
16π2t2
msψ
‖
3;ρ(u) +
if
‖
ρmρ
96
ms〈s¯s〉φ
‖
2;ρ(u)
−
if
‖
ρm3ρ
192(v · q)2
ms〈s¯s〉φ
‖
2;ρ(u) +
if
‖
ρm3ρ
96(v · q)2
ms〈s¯s〉φ
⊥
3;ρ(u) +
if
‖
ρm3ρt
2
1536
ms〈s¯s〉φ
‖
4;ρ(u)−
if
‖
ρm3ρ
192(v · q)2
ms〈s¯s〉ψ
‖
4;ρ(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
−
if
‖
ρm3ρ
8π2t2
Φ
‖
4;ρ(α)−
if
‖
ρm3ρ
16π2t2
Ψ
‖
4;ρ(α)−
if
‖
ρm3ρ
8π2t2
Φ˜
‖
4;ρ(α)−
if
‖
ρm3ρ
16π2t2
Ψ˜
‖
4;ρ(α)−
if
‖
ρm3ρu
4π2t2
Φ
‖
4;ρ(α)−
if
‖
ρm3ρu
8π2t2
Ψ
‖
4;ρ(α)
)
.
The sum rule for Λ+c [
3
2
−
] belonging to [3¯F , 1, 0, λ] is
GΛ+c [ 32
−]→Σ∗++c pi−(ω, ω
′) =
gΛ+c [ 32
−]→Σ∗++c pi−fΛ+c [ 32−]fΣ∗++c
(Λ¯Λ+c [ 32
−] − ω
′)(Λ¯Σ∗++c − ω)
(C23)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
fpim
2
pi
6π2t4(mu +md)
φp3;pi(u) +
ifpim
2
piv · q
36π2t3(mu +md)
φσ3;pi(u)−
ifpi
72tv · q
〈q¯q〉ψ4;pi(u)−
ifpit
1152v · q
〈gsq¯σGq〉ψ4;pi(u)
)
.
The sum rules for Ξ0c(
3
2
−
) belonging to [3¯F , 1, 0, λ] are
GΞ0c [ 32
−]→Ξ∗+c pi−(ω, ω
′) =
gΞ0c[ 32
−]→Ξ∗+c pi−fΞ0c[ 32−]fΞ∗+c
(Λ¯Ξ0c[ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C24)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
fpim
2
pi
6π2t4(mu +md)
φp3;pi(u) +
ifpim
2
piv · q
36π2t3(mu +md)
φσ3;pi(u)−
ifpi
72tv · q
〈s¯s〉ψ4;pi(u)−
ifpit
1152v · q
〈gss¯σGs〉ψ4;pi(u)
−
ifpi
24π2t3v · q
msψ4;pi(u)−
fpim
2
pi
144(mu +md)
ms〈s¯s〉φ
p
3;pi(u) +
ifpim
2
pitv · q
864(mu +md)
ms〈s¯s〉φ
σ
3;pi(u)
)
,
GΞ0c [ 32
−]→Ξ+c ρ−(ω, ω
′) =
gΞ0c[ 32
−]→Ξ+c ρ−fΞ0c[ 32−]fΞ+c
(Λ¯Ξ0c[ 32
−] − ω
′)(Λ¯Ξ+c − ω)
(C25)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
if
‖
ρmρ
6π2t4
φ
‖
2;ρ(u)−
if
‖
ρm3ρ
12π2t4(v · q)2
φ
‖
2;ρ(u) +
if
‖
ρm3ρ
6π2t4(v · q)2
φ⊥3;ρ(u)−
if
‖
ρm3ρ
12π2t4(v · q)2
ψ
‖
4;ρ(u) +
if
‖
ρm3ρ
96π2t2
φ
‖
4;ρ(u)
−
if⊥ρ m
2
ρ
72
〈s¯s〉ψ
‖
3;ρ(u)−
if⊥ρ m
2
ρt
2
1152
〈gss¯σGs〉ψ
‖
3;ρ(u)−
if⊥ρ m
2
ρ
24π2t2
msψ
‖
3;ρ(u) +
if
‖
ρmρ
144
ms〈s¯s〉φ
‖
2;ρ(u)
−
if
‖
ρm3ρ
288(v · q)2
ms〈s¯s〉φ
‖
2;ρ(u) +
if
‖
ρm3ρ
144(v · q)2
ms〈s¯s〉φ
⊥
3;ρ(u) +
if
‖
ρm3ρt
2
2304
ms〈s¯s〉φ
‖
4;ρ(u)−
if
‖
ρm3ρ
288(v · q)2
ms〈s¯s〉ψ
‖
4;ρ(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
−
if
‖
ρm3ρ
12π2t2
Φ
‖
4;ρ(α)−
if
‖
ρm3ρ
24π2t2
Ψ
‖
4;ρ(α)−
if
‖
ρm3ρ
12π2t2
Φ˜
‖
4;ρ(α)−
if
‖
ρm3ρ
24π2t2
Ψ˜
‖
4;ρ(α)−
if
‖
ρm3ρu
6π2t2
Φ
‖
4;ρ(α)−
if
‖
ρm3ρu
12π2t2
Ψ
‖
4;ρ(α)
)
.
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5. [6F , 1, 0, ρ]
The sum rule for Σ0c(
1
2
−
) belonging to [6F , 1, 0, ρ] is
GΣ0c [ 12
−]→Λ+c pi−(ω, ω
′) =
gΣ0c [ 12
−]→Λ+c pi−fΣ0c [ 12−]fΛ+c
(Λ¯Σ0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
= 0 , (C26)
GΣ0c [ 12
−]→Σ+c pi−(ω, ω
′) =
gΣ0c [ 12
−]→Σ+c pi−fΣ0c [ 12−]fΣ+c
(Λ¯Σ0c [ 12
−] − ω
′)(Λ¯Σ+c − ω)
(C27)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u) +
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u)−
ifpi
16tv · q
〈q¯q〉ψ4;pi(u)−
ifpit
256v · q
〈gsq¯σGq〉ψ4;pi(u)
)
.
The sum rule for Ξ′0c (
1
2
−
) belonging to [6F , 1, 0, ρ] is
GΞ′0c [ 12
−]→Ξ+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ+c pi−fΞ′0c [ 12−]fΞ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 , (C28)
GΞ′0c [ 12
−]→Ξ′+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ′+c pi−fΞ′0c [ 12−]fΞ′+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
(C29)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u) +
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u)−
ifpi
16tv · q
〈s¯s〉ψ4;pi(u)−
ifpit
256v · q
〈gss¯σGs〉ψ4;pi(u)
−
3ifpi
16π2t3v · q
msψ4;pi(u) +
fpim
2
pi
32(mu +md)
ms〈s¯s〉φ
p
3;pi(u) +
ifpim
2
pitv · q
192(mu +md)
ms〈s¯s〉φ
σ
3;pi(u)
)
,
GΞ′0c [ 12
−]→Λ+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Λ+c K−fΞ′0c [ 12−]fΛ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
= 0 , (C30)
GΞ′0c [ 12
−]→Σ+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Σ+c K−fΞ′0c [ 12−]fΣ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Σ+c − ω)
(C31)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
3fKm
2
K
4π2t4(mu +ms)
φp3;K(u) +
ifKm
2
Kv · q
8π2t3(mu +ms)
φσ3;K(u)−
ifK
16tv · q
〈q¯q〉ψ4;K(u)−
ifKt
256v · q
〈gsq¯σGq〉ψ4;K(u)
)
.
The sum rule for Ω0c(
1
2
−
) belonging to [6F , 1, 0, ρ] is
GΩ0c [ 12
−]→Ξ+c K−(ω, ω
′) =
gΩ0c [ 12
−]→Ξ+c K−fΩ0c[ 12−]fΞ+c
(Λ¯Ω0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 , (C32)
GΩ0c [ 12
−]→Ξ′+c K−(ω, ω
′) =
gΩ0c[ 12
−]→Ξ′+c K−fΩ0c [ 12−]fΞ′+c
(Λ¯Ω0c[ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
(C33)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
3fKm
2
K
4π2t4(mu +ms)
φp3;K(u) +
ifKm
2
Kv · q
8π2t3(mu +ms)
φσ3;K(u)−
ifK
16tv · q
〈s¯s〉ψ4;K(u)−
ifKt
256v · q
〈gss¯σGs〉ψ4;K(u)
−
3ifK
16π2t3v · q
msψ4;K(u) +
fKm
2
K
32(mu +ms)
ms〈s¯s〉φ
p
3;K(u) +
ifKm
2
Ktv · q
192(mu +ms)
ms〈s¯s〉φ
σ
3;K(u)
)
.
36
The sum rule for Σ0c [
3
2
−
] belonging to [6F , 1, 0, ρ] is
GΣ0c [ 32
−]→Σ∗+c pi−(ω, ω
′) =
gΣ0c[ 32
−]→Σ∗+c pi−fΣ0c [ 32−]fΣ∗+c
(Λ¯Σ0c [ 32
−] − ω
′)(Λ¯Σ∗+c − ω)
(C34)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
fpim
2
pi
6π2t4(mu +md)
φp3;pi(u)−
ifpim
2
piv · q
36π2t3(mu +md)
φσ3;pi(u) +
ifpi
72tv · q
〈q¯q〉ψ4;pi(u) +
ifpit
1152v · q
〈gsq¯σGq〉ψ4;pi(u)
)
.
The sum rule for Ξ0c(
3
2
−
) belonging to [6F , 1, 0, ρ] is
GΞ′0c [ 32
−]→Ξ∗+c pi−(ω, ω
′) =
gΞ′0c [ 32
−]→Ξ∗+c pi−fΞ′0c [ 32−]fΞ∗+c
(Λ¯Ξ′0c [ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C35)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
fpim
2
pi
6π2t4(mu +md)
φp3;pi(u)−
ifpim
2
piv · q
36π2t3(mu +md)
φσ3;pi(u) +
ifpi
72tv · q
〈s¯s〉ψ4;pi(u) +
ifpit
1152v · q
〈gss¯σGs〉ψ4;pi(u)
+
ifpi
24π2t3v · q
msψ4;pi(u)−
fpim
2
pi
144(mu +md)
ms〈s¯s〉φ
p
3;pi(u)−
ifpim
2
pitv · q
864(mu +md)
ms〈s¯s〉φ
σ
3;pi(u)
)
,
GΞ′0c [ 32
−]→Σ∗+c K−(ω, ω
′) =
gΞ′0c [ 32
−]→Σ∗+c K−fΞ′0c [ 32−]fΣ∗+c
(Λ¯Ξ′0c [ 32
−] − ω
′)(Λ¯Σ∗+c − ω)
(C36)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
fKm
2
K
6π2t4(mu +ms)
φp3;K(u)−
ifKm
2
Kv · q
36π2t3(mu +ms)
φσ3;K(u) +
ifK
72tv · q
〈q¯q〉ψ4;K(u) +
ifKt
1152v · q
〈gsq¯σGq〉ψ4;K(u)
)
.
The sum rule for Ω0c(
3
2
−
) belonging to [6F , 1, 0, ρ] is
GΩ0c [ 32
−]→Ξ∗+c K−(ω, ω
′) =
gΩ0c [ 32
−]→Ξ∗+c K−fΩ0c[ 32−]fΞ∗+c
(Λ¯Ω0c [ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C37)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
fKm
2
K
6π2t4(mu +ms)
φp3;K(u)−
ifKm
2
Kv · q
36π2t3(mu +ms)
φσ3;K(u) +
ifK
72tv · q
〈s¯s〉ψ4;K(u) +
ifKt
1152v · q
〈gss¯σGs〉ψ4;K(u)
+
ifK
24π2t3v · q
msψ4;K(u)−
fKm
2
K
144(mu +ms)
ms〈s¯s〉φ
p
3;K(u)−
ifKm
2
Ktv · q
864(mu +ms)
ms〈s¯s〉φ
σ
3;K(u)
)
.
6. [6F , 0, 1, λ]
The sum rule for Σ0c(
1
2
−
) belonging to [6F , 0, 1, λ] is
GΣ0c [ 12
−]→Λ+c pi−(ω, ω
′) =
gΣ0c[ 12
−]→Λ+c pi−fΣ0c[ 12−]fΛ+c
(Λ¯Σ0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
(C38)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u)−
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u) +
ifpi
16tv · q
〈q¯q〉ψ4;pi(u) +
ifpit
256v · q
〈gsq¯σGq〉ψ4;pi(u)
)
,
GΣ0c [ 12
−]→Σ+c pi−(ω, ω
′) =
gΣ0c[ 12
−]→Σ+c pi−fΣ0c[ 12−]fΣ+c
(Λ¯Σ0c [ 12
−] − ω
′)(Λ¯Σ+c − ω)
= 0 . (C39)
37
The sum rule for Ξ′0c (
1
2
−
) belonging to [6F , 0, 1, λ] is
GΞ′0c [ 12
−]→Ξ+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ+c pi−fΞ′0c [ 12−]fΞ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
(C40)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
3fpim
2
pi
4π2t4(mu +md)
φp3;pi(u)−
ifpim
2
piv · q
8π2t3(mu +md)
φσ3;pi(u) +
ifpi
16tv · q
〈s¯s〉ψ4;pi(u) +
ifpit
256v · q
〈gss¯σGs〉ψ4;pi(u)
+
3ifpi
16π2t3v · q
msψ4;pi(u)−
fpim
2
pi
32(mu +md)
ms〈s¯s〉φ
p
3;pi(u)−
ifpim
2
pitv · q
192(mu +md)
ms〈s¯s〉φ
σ
3;pi(u)
)
,
GΞ′0c [ 12
−]→Ξ′+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ′+c pi−fΞ′0c [ 12−]fΞ′+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
= 0 , (C41)
GΞ′0c [ 12
−]→Λ+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Λ+c K−fΞ′0c [ 12−]fΛ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
(C42)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
3fKm
2
K
4π2t4(mu +ms)
φp3;K(u)−
ifKm
2
Kv · q
8π2t3(mu +ms)
φσ3;K(u) +
ifK
16tv · q
〈q¯q〉ψ4;K(u) +
ifKt
256v · q
〈gsq¯σGq〉ψ4;K(u)
)
,
GΞ′0c [ 12
−]→Σ+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Σ+c K−fΞ′0c [ 12−]fΣ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Σ+c − ω)
= 0 . (C43)
The sum rule for Ω0c(
1
2
−
) belonging to [6F , 0, 1, λ] is
GΩ0c [ 12
−]→Ξ+c K−(ω, ω
′) =
gΩ0c [ 12
−]→Ξ+c K−fΩ0c [ 12−]fΞ+c
(Λ¯Ω0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
(C44)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
3fKm
2
K
4π2t4(mu +ms)
φp3;K(u)−
ifKm
2
Kv · q
8π2t3(mu +ms)
φσ3;K(u) +
ifK
16tv · q
〈s¯s〉ψ4;K(u) +
ifKt
256v · q
〈gss¯σGs〉ψ4;K(u)
+
3ifK
16π2t3v · q
msψ4;K(u)−
fKm
2
K
32(mu +ms)
ms〈s¯s〉φ
p
3;K(u)−
ifKm
2
Ktv · q
192(mu +ms)
ms〈s¯s〉φ
σ
3;K(u)
)
,
GΩ0c [ 12
−]→Ξ′+c K−(ω, ω
′) =
gΩ0c [ 12
−]→Ξ′+c K−fΩ0c[ 12−]fΞ′+c
(Λ¯Ω0c [ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
= 0 . (C45)
7. [6F , 1, 1, λ]
The sum rule for Σ0c(
1
2
−
) belonging to [6F , 1, 1, λ] is
GΣ0c [ 12
−]→Λ+c pi−(ω, ω
′) =
gΣ0c[ 12
−]→Λ+c pi−fΣ0c[ 12−]fΛ+c
(Λ¯Σ0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
= 0 , (C46)
GΣ0c [ 12
−]→Σ+c pi−(ω, ω
′) =
gΣ0c[ 12
−]→Σ+c pi−fΣ0c[ 12−]fΣ+c
(Λ¯Σ0c [ 12
−] − ω
′)(Λ¯Σ+c − ω)
(C47)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
3ifpiv · q
2π2t4
φ2;pi(u) +
3ifpiv · q
32π2t2
φ4;pi(u)−
ifpim
2
piv · q
24(mu +md)
〈q¯q〉φσ3;pi(u)−
ifpim
2
pit
2v · q
384(mu +md)
〈gsq¯σGq〉φ
σ
3;pi(u)
)
38
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
−
ifpiv · q
8π2t2
Φ4;pi(α)−
ifpiv · q
4π2t2
Ψ4;pi(α)−
3ifpiv · q
8π2t2
Φ˜4;pi(α) +
ifpiv · q
4π2t2
Ψ˜4;pi(α)
−
3ifpiuv · q
4π2t2
Φ4;pi(α) +
ifpiuv · q
2π2t2
Ψ4;pi(α)
)
.
The sum rule for Ξ′0c (
1
2
−
) belonging to [6F , 1, 1, λ] is
GΞ′0c [ 12
−]→Ξ+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ+c pi−fΞ′0c [ 12−]fΞ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 , (C48)
GΞ′0c [ 12
−]→Ξ′+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ′+c pi−fΞ′0c [ 12−]fΞ′+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
(C49)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
3ifpiv · q
2π2t4
φ2;pi(u) +
3ifpiv · q
32π2t2
φ4;pi(u)−
ifpim
2
piv · q
24(mu +md)
〈s¯s〉φσ3;pi(u)−
ifpim
2
pit
2v · q
384(mu +md)
〈gss¯σGs〉φ
σ
3;pi(u)
−
ifpim
2
piv · q
8π2t2(mu +md)
msφ
σ
3;pi(u) +
ifpiv · q
16
ms〈s¯s〉φ2;pi(u) +
ifpit
2v · q
256
ms〈s¯s〉φ4;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
−
ifpiv · q
8π2t2
Φ4;pi(α)−
ifpiv · q
4π2t2
Ψ4;pi(α)−
3ifpiv · q
8π2t2
Φ˜4;pi(α) +
ifpiv · q
4π2t2
Ψ˜4;pi(α)
−
3ifpiuv · q
4π2t2
Φ4;pi(α) +
ifpiuv · q
2π2t2
Ψ4;pi(α)
)
,
GΞ′0c [ 12
−]→Λ+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Λ+c K−fΞ′0c [ 12−]fΛ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Λ+c − ω)
= 0 , (C50)
GΞ′0c [ 12
−]→Σ+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Σ+c K−fΞ′0c [ 12−]fΣ+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Σ+c − ω)
(C51)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
3ifKv · q
2π2t4
φ2;K(u) +
3ifKv · q
32π2t2
φ4;K(u)−
ifKm
2
Kv · q
24(mu +ms)
〈q¯q〉φσ3;K(u)−
ifKm
2
Kt
2v · q
384(mu +ms)
〈gsq¯σGq〉φ
σ
3;K (u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
−
ifKv · q
8π2t2
Φ4;K(α)−
ifKv · q
4π2t2
Ψ4;K(α)−
3ifKv · q
8π2t2
Φ˜4;K(α) +
ifKv · q
4π2t2
Ψ˜4;K(α)
−
3ifKuv · q
4π2t2
Φ4;K(α) +
ifKuv · q
2π2t2
Ψ4;K(α)
)
.
The sum rule for Ω0c(
1
2
−
) belonging to [6F , 1, 1, λ] is
GΩ0c [ 12
−]→Ξ+c K−(ω, ω
′) =
gΩ0c[ 12
−]→Ξ+c K−fΩ0c[ 12−]fΞ+c
(Λ¯Ω0c [ 12
−] − ω
′)(Λ¯Ξ+c − ω)
= 0 , (C52)
GΩ0c [ 12
−]→Ξ′+c K−(ω, ω
′) =
gΩ0c[ 12
−]→Ξ′+c K−fΩ0c [ 12−]fΞ′+c
(Λ¯Ω0c[ 12
−] − ω
′)(Λ¯Ξ′+c − ω)
(C53)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
3ifKv · q
2π2t4
φ2;K(u) +
3ifKv · q
32π2t2
φ4;K(u)−
ifKm
2
Kv · q
24(mu +ms)
〈s¯s〉φσ3;K(u)−
ifKm
2
Kt
2v · q
384(mu +ms)
〈gss¯σGs〉φ
σ
3;K(u)
39
−
ifKm
2
Kv · q
8π2t2(mu +ms)
msφ
σ
3;K(u) +
ifKv · q
16
ms〈s¯s〉φ2;K(u) +
ifKt
2v · q
256
ms〈s¯s〉φ4;K(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
−
ifKv · q
8π2t2
Φ4;K(α)−
ifKv · q
4π2t2
Ψ4;K(α)−
3ifKv · q
8π2t2
Φ˜4;K(α) +
ifKv · q
4π2t2
Ψ˜4;K(α)
−
3ifKuv · q
4π2t2
Φ4;K(α) +
ifKuv · q
2π2t2
Ψ4;K(α)
)
.
The sum rule for Σ0c [
3
2
−
] belonging to [6F , 1, 1, λ] is
GΣ0c [ 32
−]→Σ∗+c pi−(ω, ω
′) =
gΣ0c [ 32
−]→Σ∗+c pi−fΣ0c[ 32−]fΣ∗+c
(Λ¯Σ0c[ 32
−] − ω
′)(Λ¯Σ∗+c − ω)
(C54)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
fpiv · q
3π2t4
φ2;pi(u)−
fpiv · q
48π2t2
φ4;pi(u) +
fpim
2
piv · q
108(mu +md)
〈q¯q〉φσ3;pi(u) +
fpim
2
pit
2v · q
1728(mu +md)
〈gsq¯σGq〉φ
σ
3;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
fpiv · q
72π2t2
Φ4;pi(α) +
5fpiv · q
72π2t2
Ψ4;pi(α) +
fpiv · q
24π2t2
Φ˜4;pi(α)−
5fpiv · q
72π2t2
Ψ˜4;pi(α)
+
fpiuv · q
6π2t2
Φ4;pi(α)−
7fpiuv · q
72π2t2
Ψ4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
.
The sum rule for Ξ′0c (
3
2
−
) belonging to [6F , 1, 1, λ] is
GΞ′0c [ 12
−]→Ξ∗+c pi−(ω, ω
′) =
gΞ′0c [ 12
−]→Ξ∗+c pi−fΞ′0c [ 12−]fΞ∗+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C55)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
fpiv · q
3π2t4
φ2;pi(u)−
fpiv · q
48π2t2
φ4;pi(u) +
fpim
2
piv · q
108(mu +md)
〈s¯s〉φσ3;pi(u) +
fpim
2
pit
2v · q
1728(mu +md)
〈gss¯σGs〉φ
σ
3;pi(u)
+
fpim
2
piv · q
36π2t2(mu +md)
msφ
σ
3;pi(u)−
fpiv · q
72
ms〈s¯s〉φ2;pi(u)−
fpit
2v · q
1152
ms〈s¯s〉φ4;pi(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
fpiv · q
72π2t2
Φ4;pi(α) +
5fpiv · q
72π2t2
Ψ4;pi(α) +
fpiv · q
24π2t2
Φ˜4;pi(α)−
5fpiv · q
72π2t2
Ψ˜4;pi(α)
+
fpiuv · q
6π2t2
Φ4;pi(α)−
7fpiuv · q
72π2t2
Ψ4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
,
GΞ′0c [ 12
−]→Σ∗+c K−(ω, ω
′) =
gΞ′0c [ 12
−]→Σ∗+c K−fΞ′0c [ 12−]fΣ∗+c
(Λ¯Ξ′0c [ 12
−] − ω
′)(Λ¯Σ∗+c − ω)
(C56)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 4×
(
−
fKv · q
3π2t4
φ2;K(u)−
fKv · q
48π2t2
φ4;K(u) +
fKm
2
Kv · q
108(mu +ms)
〈q¯q〉φσ3;K(u) +
fKm
2
Kt
2v · q
1728(mu +ms)
〈gsq¯σGq〉φ
σ
3;K(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
fKv · q
72π2t2
Φ4;K(α) +
5fKv · q
72π2t2
Ψ4;K(α) +
fKv · q
24π2t2
Φ˜4;K(α)−
5fKv · q
72π2t2
Ψ˜4;K(α)
40
+
fKuv · q
6π2t2
Φ4;K(α)−
7fKuv · q
72π2t2
Ψ4;K(α) +
fKuv · q
24π2t2
Ψ˜4;K(α)
)
.
The sum rule for Ω0c(
3
2
−
) belonging to [6F , 1, 1, λ] is
GΩ0c [ 12
−]→Ξ∗+c K−(ω, ω
′) =
gΩ0c [ 12
−]→Ξ∗+c K−fΩ0c [ 12−]fΞ∗+c
(Λ¯Ω0c [ 12
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C57)
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
−
fKv · q
3π2t4
φ2;K(u)−
fKv · q
48π2t2
φ4;K(u) +
fKm
2
Kv · q
108(mu +ms)
〈s¯s〉φσ3;K(u) +
fKm
2
Kt
2v · q
1728(mu +ms)
〈gss¯σGs〉φ
σ
3;K(u)
+
fKm
2
Kv · q
36π2t2(mu +ms)
msφ
σ
3;K(u)−
fKv · q
72
ms〈s¯s〉φ2;K(u)−
fKt
2v · q
1152
ms〈s¯s〉φ4;K(u)
)
+
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
fKv · q
72π2t2
Φ4;K(α) +
5fKv · q
72π2t2
Ψ4;K(α) +
fKv · q
24π2t2
Φ˜4;K(α)−
5fKv · q
72π2t2
Ψ˜4;K(α)
+
fKuv · q
6π2t2
Φ4;K(α)−
7fKuv · q
72π2t2
Ψ4;K(α) +
fKuv · q
24π2t2
Ψ˜4;K(α)
)
.
8. [6F , 2, 1, λ]
The sum rule for Σ0c [
3
2
−
] belonging to [6F , 2, 1, λ] is
GΣ0c [ 32
−]→Σ∗+c pi−(ω, ω
′) =
gΣ0c [ 32
−]→Σ∗+c pi−fΣ0c[ 32−]fΣ∗+c
(Λ¯Σ0c[ 32
−] − ω
′)(Λ¯Σ∗+c − ω)
(C58)
=
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 8×
(
fpiv · q
24π2t2
Φ4;pi(α) +
fpiv · q
24π2t2
Ψ4;pi(α)−
fpiv · q
24π2t2
Φ˜4;pi(α)−
fpiv · q
24π2t2
Ψ˜4;pi(α)−
fpiuv · q
24π2t2
Ψ4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
.
The sum rule for Ξ0c(
3
2
−
) belonging to [6F , 2, 1, λ] is
GΞ′0c [ 32
−]→Ξ∗+c pi−(ω, ω
′) =
gΞ′0c [ 32
−]→Ξ∗+c pi−fΞ′0c [ 32−]fΞ∗+c
(Λ¯Ξ′0c [ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C59)
=
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
fpiv · q
24π2t2
Φ4;pi(α) +
fpiv · q
24π2t2
Ψ4;pi(α)−
fpiv · q
24π2t2
Φ˜4;pi(α)−
fpiv · q
24π2t2
Ψ˜4;pi(α)−
fpiuv · q
24π2t2
Ψ4;pi(α) +
fpiuv · q
24π2t2
Ψ˜4;pi(α)
)
,
GΞ′0c [ 32
−]→Σ∗+c K−(ω, ω
′) =
gΞ′0c [ 32
−]→Σ∗+c K−fΞ′0c [ 32−]fΣ∗+c
(Λ¯Ξ′0c [ 32
−] − ω
′)(Λ¯Σ∗+c − ω)
(C60)
=
∫ ∞
0
dt
∫ 1
0
du
∫
Dαeiω
′t(α2+uα3)eiωt(1−α2−uα3) × 4×
(
fKv · q
24π2t2
Φ4;K(α) +
fKv · q
24π2t2
Ψ4;K(α)−
fKv · q
24π2t2
Φ˜4;K(α)−
fKv · q
24π2t2
Ψ˜4;K(α)
−
fKuv · q
24π2t2
Ψ4;K(α) +
fKuv · q
24π2t2
Ψ˜4;K(α)
)
.
The sum rule for Ω0c(
3
2
−
) belonging to [6F , 2, 1, λ] is
GΩ0c [ 32
−]→Ξ∗+c K−(ω, ω
′) =
gΩ0c [ 32
−]→Ξ∗+c K−fΩ0c[ 32−]fΞ∗+c
(Λ¯Ω0c [ 32
−] − ω
′)(Λ¯Ξ∗+c − ω)
(C61)
41
=
∫ ∞
0
dt
∫ 1
0
duei(1−u)ω
′teiuωt × 8×
(
fKv · q
24π2t2
Φ4;K(α) +
fKv · q
24π2t2
Ψ4;K(α)−
fKv · q
24π2t2
Φ˜4;K(α)−
fKv · q
24π2t2
Ψ˜4;K(α)
−
fKuv · q
24π2t2
Ψ4;K(α) +
fKuv · q
24π2t2
Ψ˜4;K(α)
)
.
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